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Samenvatting 
 
 
 
 
 
 
Katoen speelt een prominente rol in de textielindustrie dankzij de uitstekende 
vezeleigenschappen. De dominantie van katoen op de markt kwam echter onder 
druk te staan door de opkomst van synthetische vezels. Zeker na de doorbraak op 
het gebied van polymeertechnologie, heeft katoen te kampen met sterke 
concurrentie van de synthetische vezels. De laatste tijd wordt biotechnologie, zelfs al 
is de algemene vooruitgang nog in een vroeg stadium van ontwikkeling, beschouwd 
als een levensvatbare strategie voor katoenvezels om concurrerend te blijven op de 
markt. De eerste resultaten tonen een groot potentieel om fysische en biochemische 
eigenschappen van de vezels te wijzigen. Een grondige studie van de nieuwe 
vezeleigenschappen is essentieel om een ontwikkeling van katoenvezels toe te laten 
die goed is afgestemd op en ontworpen is voor veeleisende toepassingen. De 
beoogde eigenschappen waarop de klemtoon ligt in dit werk zijn met name 
reactiviteit/aanverfbaarheid, brandbaarheid/thermische eigenschappen en 
vochtabsorptie. 
 
De reactiviteit van katoen kan worden gewijzigd door de uitdrukking van het NodC 
gen dat in beperkte mate oligochitine voortbrengt in de secundaire celwand. Het 
doel van deze nieuwe aanpak is het creëren van een doorbraak in de reactiviteit van 
katoen naar chemicaliën toe die worden gebruikt in de textielindustrie. De 
ontwikkeling van een dergelijke eigenschap vereist echter de keuze van nieuwe 
gemodificeerde katoenlijnen met de best presterende vezels in een vroeg stadium 
van het kweekproces, dus met slechts een paar katoenbollen beschikbaar. Daartoe 
werd in hoofdstuk 3 een spectrofotometrische methode gebaseerd op de absorptie 
van CI Acid Orange 7 kleurstof, grondig bestudeerd en geoptimaliseerd voor de 
detectie van verschillen tussen vezels van lijnen ontworpen om oligochitine te 
produceren in de vezels en hun respectievelijke controlelijnen. De methode werd 
bekrachtigd door twee gefundeerde beproevingstechnieken voor de analyse van 
stikstof. Diverse kleurstoffen van verschillende klassen werden onderzocht om het 
verband aan te tonen tussen de screeningsmethode en de uiteindelijke verbeterde 
aanverfbaarheid van katoenvezels. De mogelijkheid van verscheidene kleurstoffen 
om de verschillen in substantiviteit te tonen werd bewezen door katoen te gebruiken 
dat behandeld werd met verschillende concentraties van een kationisch middel. De 
screeningsmethode gemaakt om verschillen in aanverfbaarheid te detecteren werd 
ten slotte onderzocht op variaties in maturiteit. Vastgesteld werd dat voor alle 
geteste kleurstoffen de opgemerkte verschillen in uitputtingswaarden van biologisch 
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gemodificeerde lijnen en hun vergelijkingslijnen, groter waren dan de mogelijke 
impact van de micronaire op de uitputtingswaarden. Dit toont het potentieel van 
geïntegreerde oligochitine in biologisch gemodificeerde vezels ter verhoging van de 
doeltreffendheid van verfprocessen voor alle geteste kleurstoffen. 
 
Naast het traditionele gebruik in kleding, worden katoenvezels de laatste jaren 
aangebracht als een milieuvriendelijk alternatief voor synthetische polymeren voor 
vele toepassingen. Een fundamenteel inzicht in het thermische gedrag is echter van 
groot belang voor het voorspellen van de thermische prestaties van katoenvezel als 
industriële grondstof en als eindproduct. Ook bij de ontwikkeling en optimalisatie 
van nieuwe katoenvezels met nieuwe thermische eigenschappen, vormt het 
evalueren en analyseren van hun verbeterd gedrag het belangrijkste onderdeel. 
Aldus wordt in hoofdstuk 4 eerst de ontleding van katoen met verschillende rijpheid 
en in dit verband het effect van onderdompeling in water op het thermische gedrag 
van katoenvezels grondig onderzocht met TGA. Er werd een duidelijk verschil 
vastgesteld tussen het degradatieprofiel van de in water ondergedompelde en 
onbehandelde vezels met lage maturiteitsverhoudingen. Deze verschillen werden 
toegeschreven aan het kalium of de oplosbare fractie inhoud. Ten tweede werd een 
verkennend onderzoek gedaan naar het gebruik van de cone calorimeter als 
screeningsmiddel voor het meten van de warmteontwikkelingsparameters van 
katoenstalen. Er zijn pogingen gedaan om het nut ervan te beoordelen voor het 
testen van brandvertragende eigenschappen op uiterst kleine hoeveelheden vezels. 
De belangrijkste uitdaging voor het verkrijgen van reproduceerbare en betrouwbare 
cone calorimetrische gegevens van deze materialen met lage dichtheid en thermisch 
dunne materialen werd ondervangen door te variëren met verschillende 
testparameters zoals gewicht van het staal, warmte flux en rastertype. De 
geschiktheid van de methode om het verbrandingsgedrag van losse vezels te 
bestuderen is verder aangetoond door te werken met katoenen vezels en weefsels 
behandeld met verschillende concentraties van brandvertragers. Ondanks de 
inherente beperkingen van de methode, kan deze over het algemeen nog steeds 
gebruikt worden als screeningsmiddel om waardevolle aanwijzingen over de 
verschillen in verbrandingsgedrag voor losse vezels in vezelontwikkelingsonderzoek 
te leveren. 
 
De relatie tussen katoen en vocht is van vitaal belang voor uiteenlopende kenmerken 
zoals comfort, wasvoorschriften, treksterkte of vezelprestatie in technische 
toepassingen. Sinds kort is er een hernieuwde belangstelling voor het begrijpen van 
de vochtabsorptie-eigenschappen van katoen en hun relatie met de eigenschappen 
van de vezels met het oog op de ontwikkeling van nieuwe soorten die unieke 
eigenschappen hebben met betrekking tot comfort of andere technische 
toepassingen. Zo wordt in hoofdstuk 5 het absorptiegedrag van katoen, geoogst in 
verschillende ontwikkelingsstadia alsook van rijpe katoenvezels in verschillende 
tinten, onderzocht door middel van DVS. Er werd vastgesteld dat het 
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vochtabsorptiegedrag van de ontwikkelende vezels duidelijk kan worden opgesplitst 
in twee verschillende fasen. Een eerste fase tot 21-25 DPA, waarin het uitrekken van 
de vezels zich bevindt en een tweede fase boven 25 DPA waarin de secundaire wand 
wordt ontwikkeld. In deze vroege stadia was de vochtabsorptie extreem hoog 
vergeleken met die van de volledig rijpe katoenvezels. De hoeveelheid opgenomen 
water was dus nauw verbonden met de chemische samenstelling van de vezels. De 
adsorptie-isothermen toonden anderzijds een groter hysteresis effect wanneer de 
vezels boven 25 DPA zijn, hetgeen werd toegeschreven aan een hoger 
cellulosegehalte. Ook werden er significante verschillen waargenomen bij de 
absorptiecapaciteit en absorptiesnelheid evenals in het hysteresis gedrag van rijpe 
katoenvezels van verschillende tinten. De verschillen in absorptiecapaciteit waren 
nauw verbonden met de maturiteit en kristalliniteitsindex van de vezels terwijl de 
variaties in hysteresisgedrag voornamelijk werden toegeschreven aan de verschillen 
in de kristalliniteitsindex. Daarnaast werd het HH model gebruikt voor een 
nauwkeurig inpassen van de metingen van de experimenten. De monolaag absorptie 
bleek nauw verwant met de kristalliniteitsindex en, in mindere mate, de maturiteit 
van de vezels. 
 
Kortom, dit doctoraatsproefschrift levert waardevolle inzichten en fundamentele 
kennis die nodig is voor het ontwikkelen van methodes om katoen te creëren dat 
goed is afgestemd en ontworpen is voor veeleisende eindtoepassingen. 
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Summary 
 
 
 
 
 
 
Cotton plays a prominent role in the textile industry due to its excellent fibre 
characteristics. However, the dominance of cotton fibres on the market was 
challenged by the advent of synthetic fibres. Especially after breakthroughs in 
polymer technology, cotton faces intense competition from synthetic fibres. Recently 
biotechnology, even though the overall progress is still in its earliest stages of 
development, is considered to be a viable strategy for cotton fibres to remain 
competitive on the market. The initial results show a great potential to alter physical 
and biochemical properties of the fibre. However, profound studies on the novel 
fibre properties are essential to allow the development of cotton fibres that are well-
tuned and designed for demanding end applications. The target properties that are 
focused on in this work are namely reactivity/dyeability, flammability/thermal 
properties and moisture sorption. 
 
The reactivity of cotton fibres can be modified by the expression of the NodC gene 
that produces oligochitin in the secondary cell wall. The aim of this novel approach is 
to create a breakthrough in the reactivity of cotton fibres towards chemicals used in 
the textile industry. However the development of such a trait requires the selection 
of novel modified cotton lines with the best-performing fibres at an early stage of 
the breeding process, thus with only a few cotton bolls available. Therefore, in 
chapter 3, a spectrophotometric method based on the absorption of CI Acid Orange 
7 dye was extensively studied and optimized for the detection of differences 
between fibres from lines designed to produce oligochitin in the fibre and their 
respective control lines. The method was validated using two well-established 
techniques for nitrogen analysis. Also a broad range of dyes from different classes 
were investigated to corroborate the relationship between the established screening 
method and the final improved dyeability of cotton fibres. The ability of various dyes 
to reveal differences in substantivity was proven using cotton fibres treated with 
different concentrations of a cationic agent. The screening method established to 
detect differences in dyeability was finally investigated for variations in maturity. It 
was found that for all tested dyes the differences observed in exhaustion values of 
bioengineered lines and their controls were larger than the possible impact of 
micronaire on the exhaustion values. This shows the potential of incorporated 
oligochitin in bioengineered fibres to increase the efficiency of dyeing processes for 
all tested dyes. 
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Besides its traditional use in clothing, in recent years cotton fibres have been 
proposed as an environmentally friendly alternative to synthetic polymers for many 
applications. A fundamental understanding of the thermal behaviour is however 
essential to predict the thermal performance of cotton fibre as an industrial raw 
material as well as an end product. Also when developing and optimizing new cotton 
fibres with novel thermal properties, evaluating and analysing their performance 
improvement is the most critical part.  Thus in chapter 4, first the decomposition of 
cotton fibres with various maturities and, in relation to this, the effect of water 
immersion on the thermal behaviour of cotton fibres is thoroughly investigated using 
TGA. A clear difference is noted between the degradation profile of the water 
immersed and untreated fibres with low maturity ratios. These differences were 
ascribed to the potassium or soluble fraction content. Second, an initial investigation 
into the use of cone calorimeter as a screening tool for measuring the heat release 
parameters of fibrous cotton samples is conducted. Attempts have been made to 
evaluate its utility for testing the flame retardant properties of extremely small 
quantities of fibre. The major challenge in obtaining reproducible and reliable cone 
calorimetric data of these low density and thermally thin materials was overcome by 
varying different testing parameters such as sample weight, heat flux and grid type. 
The suitability of the method to study combustion behaviour of loose fibres has been 
further demonstrated using cotton fibres and fabrics treated with different 
concentrations of flame retardant. Despite inherent limitations of the technique, 
overall, it can still be used as a screening tool to provide valuable indications on the 
differences in combustion behaviour for loose fibres in fibre development research. 
 
The relationship between cotton and moisture is vitally important to such diverse 
characteristics as comfort, garment care, tensile strength or fibre performance in 
technical applications. Recently a renewed interest is noted to understand the 
moisture sorption properties of cotton and their relationship with the fibre 
properties in order to develop new varieties that have unique properties related to 
comfort or other technical applications. Thus in chapter 5, the sorption behaviour of 
cotton fibres harvested at different stages in their development process as well as 
mature cotton fibres of various shades are examined using dynamic vapour sorption 
analysis. It was found that the moisture sorption behaviour of the developing fibres 
can clearly be split up into two distinct stages. A first stage till 17-21 days post-
anthesis (DPA), in which there is the elongation of the fibres and a second stage 
above 21-25 DPA in which the secondary wall is developed. In these early stages the 
moisture sorption was extremely high compared to the one of the fully mature 
cotton fibres. The amount of absorbed water was thus closely related to the 
chemical composition of the fibre. The sorption isotherms showed on the other hand 
a greater hysteresis effect when the fibres are over 25 DPA which was attributed to 
the higher cellulose content. Also significant differences were observed in sorption 
capacity and sorption rate as well as hysteresis behaviour of mature cotton fibres of 
different shades. The differences in sorption capacity were closely related to the 
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maturity and crystallinity index of the fibres while the variations in hysteresis 
behaviour were mainly attributed to the differences in crystallinity index. In addition 
the HH model was used to accurately fit the experimental measurements. The 
monolayer sorption was found to be most closely related to the crystallinity index 
and, to a lesser extent, maturity of the fibres.  
 
In conclusion, this PhD thesis provides valuable insights and fundamental knowledge 
needed to develop routes to create cotton that is well-tuned and designed for 
demanding end applications.       
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1 
Introduction 
 
 
 
 
 
 
Cotton has been the premium fibre for several applications ranging from common 
textile fabrics to more advanced applications. Breakthroughs in polymer technology 
had an important impact on the cotton business, especially in the demand for high 
quality and tuneable cotton fibres. Recently biotechnology is considered to be a 
viable strategy to cope with this demand. This chapter provides an overview of the 
current state of knowledge of cotton and cotton biotechnology. Additionally, a brief 
review of the test methods which can be used for the direct or indirect evaluation of 
bioengineered cotton fibres is given. Finally, the objectives of this PhD work are 
specified.  
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1.1 General Description of Cotton 
 
Cotton is the most important natural fibre, used to produce apparel, home furnishing 
and industrial products. Worldwide about 40 % of the fibre consumption is cotton 
[1]. It is grown in more than 50 countries and over 180 million people are associated 
with the fibre industry which brings a significant economic income with an annual 
average ranging from $27-30 billion [2]. Even with the introduction of polymer fibres, 
since the 1950’s, cotton remains a dominant fibre on the present market, mainly 
because of its biodegradable and renewable nature with high water absorption 
potential and light weight properties. Being a natural resource, it also fits in today’s 
challenges to search for biopolymers based on renewable resources.  
 
The cotton plant belongs to the family Malveceae and the genus Gossypium which 
includes more than 50 species [3]. Yet the spinnable fibre, which accounts for 90 % 
of cotton´s value, is produced by four cultivated species namely hirsutum, 
barbadense, aboreum, and herbaceum. Each of these commercially important 
species contains many different varieties, developed to produce cotton fibres with 
improved properties.        
 
Gossypium hirsutum (also called Acala or Upland) has been developed in the United 
States and is the most widely cultivated cotton among all Gossypium species. It 
provides over 90 % of the world production of raw cotton fibre [4]. The major 
limitation of this cotton type is its relatively low fibre quality. The staple length varies 
from 22 to 36 mm and the micronaire value ranges from 3.8 to 5. Fibres from 
hirsutum are widely used in apparel, home furnishing, and industrial products [5].  
 
Gossypium barbadense (also called Pima or Egyptian) was originally cultivated in the 
coastal islands and lowland of the United States and later widely grown in Egypt. It 
accounts for about 9 % of the world cotton production and provides the longest 
staple length, with values larger than 35 mm and a micronaire value below 4 [6]. The 
fibre from barbadense is used for the production of high quality apparel, special 
yarns and luxury fabrics. The other species, Gossypium arboreum and Gossypium 
herbaceum (also known as the Asiatic or Old world), are coarse fibres with the 
shortest staple length within cultivated cotton species (inferior to 25 mm). Both are 
of minor commercial importance worldwide but are still grown commercially in 
Pakistan and India [1]. 
 
The individual cotton fibre is a single, elongated epidermal cell that develops on the 
surface of the cotton seed. Each cotton seed may produce 20000 fibres on its 
surface, and a single boll will contain more than 150000 fibres. The boll itself is a fruit 
which forms when the flower drops from the plant. The fruit remains increasing in 
size for about seven weeks, forming a ripe boll that opens to expose the mass of 
cotton fibres which expand and dry into a light fluffy mass [7]. Before the cotton 
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plant is ripe, the fibre is shaped much like a cylindrical tube throughout which a 
substance called lumen is found. In the dried fibre, this tubular structure collapses, 
twists and as a result gives cotton fibre convolutions, which differentiate cotton 
fibres from all other seed hairs and are partially responsible for many of the unique 
characteristics of cotton [1].  
 
Thus the fully mature fibre is actually a dead, hollow, dried cell wall. The thickness of 
the wall depends upon the rate and duration of the growth. Also environmental 
conditions influence the growth rate and thus the thickness of the fibre cell wall. 
Cotton grows best in fertile and well-drained soil. It needs sufficient moisture, but 
also requires dry conditions after the cotton bolls are full mature [8].  
 
In most cotton cultivars, there are two types of fibres namely the lint fibres with 
relatively long fibre lengths and the linters which are very short fibres (also known as 
fuzz fibres). The lint fibres originate first and the linter fibres originate after the lint 
fibres have ceased to appear [9]. The linters are also much coarser and hardly have a 
lumen. Thus they are not used for textile processing but are an important raw 
material as a convenient and cheap source of cellulose, which is the basis of many 
applications.  
 
1.2 Development of cotton fibres 
 
On the basis of structural and molecular growth analysis, cotton fibre development 
has been divided into four distinct but overlapping stages including initiation, 
elongation, secondary cell wall deposition and maturation (Figure  1.1)[3], [10], [11]. 
The day of flowering is referred as anthesis and the term “days post anthesis” (DPA) 
is often used to describe the cotton fibre development [12].    
 
  
Figure 1.1 Stages of cotton fibre development [4].  
 
Fibre initiation involves the initial expansion of the epidermal cell above the surface 
of the seed before or on the same day of the anthesis [13]. This stage may last only a 
day or so for each fibre and signals the onset of fibre morphogenesis. As the 
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initiation determines the number of ovule epidermal cells that will turn into fibre 
cells, it thus affects fibre yield. Approximately 25% of the epidermal cells 
differentiate into the commercially important lint fibres [11]. 
 
Following the fibre initiation, the elongation phase encompasses the major 
expansion growth of the fibre reaching a peak level at approximately 10-12 DPA [13]. 
Depending on genotype, this stage may last for three weeks post anthesis. The 
ultimate length is determined by the cotton variety and environmental conditions. At 
this stage, the cells are encircled by a primary cell wall, composed of cellulose in 
which glucose units are linked forming chains and covered by a wax layer or cuticle 
[14]. This waxy and smooth layer has a significant impact on the smoothness and the 
handling of cotton during processing. Other components of the primary cell wall 
include hemicellulose and pectin. The cross-linking of cellulose micro-fibrils and 
these non-cellulosic matrices fix the structure of the primary cell wall and result in 
the first significant increase in fibre strength [15]. This phase of development is 
critical since the maximum fibre length is established at this point of development. 
The end of this stage  is considered to represent a developmental switch in emphasis 
from primary to secondary cell wall synthesis during cotton fibre development [4]. 
 
The next stage of development, secondary cell wall synthesis, is the thickening of the 
fibre. This phase is marked by a massive deposition of a thick cellulosic wall [3]. The 
cellulose deposited in the secondary cell wall has higher chain lengths (around 
14,000) than the cellulose deposited at the primary cell wall stage (around 4,000) 
[16]. Also the extractable matrix polysaccharides (mainly pectin and hemicellulose) 
accounts for 30–50% of the total sugar content during the elongation stage and less 
than 3% during the cell thickening stage [17]. Cellulose micro fibrils are arranged 
helically around the growing fibre with periodic changes in the deposition angle and 
the crystalline state begins to form 15-19 days post-anthesis [5]. Indeed the strength 
increases with increasing crystalline micro fibril spiral arrangement and with 
increasing orientation within the cotton fibres. In addition the reversal regions, 
where cellulose micro fibril orientation changes, cause the fibre to twist [11]. 
Without fibre twist the individual fibres could not as easily be spun into yarns. 
 
The final stage of development, maturity, proceeds when the cotton bolls open at 
approximately 45 to 60 DPA and leaves the fibres fully exposed to air and sunlight 
[10]. The moisture is gradually removed from the cell wall and thus the lumen 
collapses causing a convoluted surface of the cotton fibre. Consequently, the fibre 
shrinks to approximately one third of the original diameter and adopts a twisted 
conformation. These twists, or convolutions, are critical for spinning of lint fibres into 
yarns [16]. Fibres that could not produce a thick secondary wall and were dried as 
such form thin, flattened ribbons with minimal twisting and are called immature 
fibres. As the development of fibres begins at different times, on a mature seed 
there may be fibres with differing levels of maturity [5].  
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In conclusion the initial structure of cotton fibres is determined by biosynthesis, a 
series of processes that are subject to substantial influences during growth as stated 
above. To a large extent, this biosynthesized structure and chemical nature of the 
cotton determines the physico-chemical and the mechanical properties of the fibre. 
The macro structure of a mature cotton fibre is represented in Figure 1.2.  
 
 
Figure 1.2 (a) Structure of a cotton fibre (b) Cross section of a cotton fibre [18]. 
 
The cuticle is the outermost barrier of the fibres towards environment and is, 
therefore, the first protective layer. It consists of a mixture of fats, waxes and resin. 
Similarly the primary wall (layer) is a tough protective layer that consists of fine 
structures called fibrils which are essentially constituted by cellulose. The winding 
layer is the first layer of the secondary wall. The secondary wall (layer) is the most 
important layer and is constituted almost exclusively by cellulose. Finally the lumen 
is the central canal of the fibre which contains mineral salts, proteins and natural 
pigments [19]. 
 
1.3  Chemical composition of cotton fibres 
 
The composition of the cotton fibre reflects its cellular nature. Although cellulose is 
the major constituent, any of the substances commonly found in plant cells is 
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present in at least small amounts. The composition of a typical mature cotton fibre is 
given in Table 1.1.  
 
Table 1 1 Composition of typical mature cotton fibre [1], [20], [21] 
 Composition (% dry weight) 
Constituent Typical % Range % 
Cellulose 95.0 88.0 - 96.0 
Protein 1.3 1.1 - 1.9 
Pectic substances 0.9 0.7 - 1.2 
Ash 1.2 0.7 - 1.6 
Wax 0.6 0.4 - 1.0 
Total sugars 0.3 0.1 - 1.0 
Organic acids 0.8 0.5 - 1.0 
Others 1.4 - 
 
Cotton fibre, as it is picked from the plant, consists for 95% cellulose. Much of the 
non-cellulosic substances are removed from cotton by scouring and bleaching 
processes, leaving a fibre made of almost 99% cellulose. The variation in cellulose 
content is mainly due to natural variations in conditions of soil, climate, variety of 
seed and particularly to the conditions which prevent fibre development such as 
drought, disease and early frost [20]. Low cellulose content usually indicates a 
considerable number of immature fibres which contain a high proportion of non-
cellulosic substances.    
 
Cellulose is a 1-4 linked linear polymer of β-D-glucopyranose, Figure 1.3 [22]. The 
monomers are linked by the elimination of water between the hydroxyl groups of 
two contiguous glucose molecules [1]. Such molecular structure imparts cellulose its 
characteristic properties of hydrophilicity, crystallinity and chemical interaction 
capability through available hydroxyl groups. These hydroxyl groups are also the 
basis for a large hydrogen bond network, which gives rise to a highly ordered and 
rigid molecular structure. In these rigid crystalline regions of the cotton fibre, the 
molecular chains of cellulose lie parallel in three-dimensional arrangements of high 
geometrical order. In the amorphous regions, on the other hand, the molecular 
chains are arranged in less ordered states. The X-ray diffraction patterns of cotton 
fibres indicate 70 to 80 % crystalline and 20 to 30 % amorphous regions.  Yet there 
are no sharp boundaries between the two regions. The chains of cellulose molecules 
associate with each other by forming hydrogen bonds. They join together to form 
micro fibrils. The micro fibrils organize into macro fibrils, and the macro fibrils 
organize to form fibres [23]. In a regular mature cotton fibre, the length of this 
molecular chain (degree of polymerization) can vary between 9000-15000, which 
corresponds to a molecular weight of approximately 1.5-3 x 10
6
 [24].   
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Figure 1.3 Molecular structure of a cellulose chain. The repeating units are shown in yellow-blue 
and the reducing end of cellulose chain is indicated in red [25].  
 
After cellulose, from the standpoint of processing, waxes are the most important 
constituent present in the cotton fibres. The waxes comprise the outer surface of the 
fibre and consist of high molecular weight, long chain fatty acids and alcohols, resins, 
hydrocarbons, sterols and sterol glucosides [26]. The wax has a profound influence 
on the wetting properties of the fibre. Raw cotton fibres will float on a water surface, 
while cotton dewaxed by extraction will sink in a few minutes. Moreover the 
presence of wax is essential for proper spinning since it lubricates the fibres [27]. 
Without it fibre breakage could be ten times higher [28]. However, owing to this 
lubricating properties, the cotton wax decreases the tendency of fibres to cling to 
each other, reduces the friction between fibres and hence lowers the tensile 
strength of yarns and fabrics [29], [30]. The removal of wax from yams spun from 
normal cottons causes an increase in strength of 30 % and a reduction in elongation 
at break of 4 % [31]. It is, therefore, removed by a scouring treatment in the normal 
preparation of cotton products.          
 
Underneath the wax layer is the primary cell wall, which is composed of two distinct 
layers [32]. The outer layer is mainly comprised of pectin substances which are high 
molecular weight carbohydrates with a chain structure similar to cellulose and 
consist of a linear arrangement of pectic acid and its insoluble calcium, magnesium, 
potassium and iron salts [30], [33]. The inner layer, on the other hand, is comprised 
of hemicellulose, mainly in the form of xyloglucosan and cellulose [1]. Although it has 
been suggested that pectin is the substance cementing the cellulose together, 
removal of pectin does not significantly alter the tensile strength of the fibre [34], 
[35].     
 
Another constituent of the cotton fibre, cotton sugars, originates from two main 
sources namely metabolic residues (plant sugars) and the feeding insects [36]. Plant 
sugars arise as a result of normal growth processes and are composed mainly of 
monosaccharaides, glucose, fructose, and to a lesser extent of disaccharide and 
sucrose while insect sugars (also known as honeydew) most often come from aphid 
and whiteflies [37]. Cotton fibres contaminated with excessive amounts of sugars, 
particularly insect sugars, cause serious stickiness problems in manufacturing which 
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affects processing efficiency as well as the quality of the products obtained. [38–40]. 
One of the methods mainly used in textile mills to reduce the impact of stickiness is 
blending sticky cotton with non-sticky cotton [39].      
 
Inorganic salts and salts of organic acids are also present in raw fibre and categorised 
as ash. Cotton taken directly from the gin will show approximately 2-3 % of ash 
content while after opening and cleaning in the mill this amount will drop to 1.2 % of 
dry weight of cotton. The amount of ash present on the cotton fibre varies also 
considerably due to maturity differences, environmental factors, agricultural 
practices [41] as well as the field and handling procedures that effects the deposition 
of the material on the fibre [1]. Analysis of the ash shows it to consist mainly of 
potassium, magnesium and calcium, and to a lesser extent, of sodium, iron, 
manganese and copper, Table 1.2.           
 
Table 1 2 Metal content of cotton [1], [41] 
Metal  Range (ppm) 
Potassium   2000-6500 
Magnesium  400-1200 
Calcium   400-1200 
Sodium  100-300 
Iron  30-90 
Manganese  1-10 
Copper  1-10 
Zinc  1-10 
 
Precise information on the inorganic content of cotton is very crucial since their 
presence can contribute to problems in yarn manufacturing, bleaching and dyeing. 
This inorganic content is removed, to a large extent, by proper scouring and 
bleaching treatments.   
 
Organic acids, have found to be present in cotton at approximately 0.8 % on the 
basis of dry weight of which 0.5 % is malic acid and 0.07 % is citric acid [42]. Analysis 
indicate that other acids are also present but these have not been identified [1]. 
Organic acids are removed during the scouring treatment.     
 
It has been assumed that protein material in cotton is the residual dead protoplasm 
left in the lumen after the boll opening [30]. The nitrogen content of raw cotton fibre 
is approximately 0,3 % and it is likely that part of the nitrogen in the fibre is non-
protein. Extensive research is being conducted to identify the composition and 
properties of protein, or other nitrogenous substances in cotton as to improve fibre 
properties by means of biotechnology [43–45].  
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1.4 Cotton Biotechnology 
 
The most abundant renewable fibre, cotton, as an alternative to synthetic fibres is 
becoming more valuable in this age of high oil prices. However, especially after 
breakthroughs in polymer technology cotton faces intense competition from 
synthetic fibres which are continuously being improved and are becoming more 
controllable or tuneable as a consequence of advanced research. Thus the health 
and future of the cotton industry needs new approaches to improve the economics 
of production, by lowering production costs, increasing fibre yield per acre, and 
enhancing fibre quality. Biotechnology is already an important tool for cotton 
growers around the world. Since the first products were introduced in 1996, 
adoption has grown so significantly that by 2008, ten countries on five continents 
had approved commercial cultivation of cotton improved through biotechnology 
[46]. A flow chart indicating the areas where and how biotechnology improves 
cotton traits is given in Figure 1.4. 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 1.4 Scheme for generation of superior cotton varieties [47]. 
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1.4.1 Cotton Breeding 
 
The early breeders domesticated the wild cotton species by selecting cotton plants 
suitable for growth in their local environments and for their primitive farming 
practices [16]. However the invention of mechanical ginning, spinning, and weaving 
made it necessary for the cotton supply to be larger and more reliable as well as 
requiring enhanced and more uniform fibre qualities. Also with people’s increasing 
living standards and pursuit of returning to nature, good quality cotton textile is in 
great demand. Therefore, fibre modification has become one of the main objectives 
for cotton breeding [48].  
 
Breeding technology is based on the discovery of DNA markers and implementation 
of high throughput genotyping assays [46]. A broad genetic diversity is thus essential 
for breeding technologies to be successfully implemented. The challenge of breeding 
technology is to expand the diversity of the elite commercial germplasm pool by 
utilizing global germplasm collections. For this reason, two divisions are mostly found 
within the breeding programs; breeding directly for cultivars that can be competitive 
in the marketplace and breeding to concentrate desirable phenotypes and remove 
objectionable traits in order to develop parental material for direct breeding [49]. 
The latter, pre-breeding or developmental breeding, refers to  the transfer or 
introgression of genes or gene combinations from unadapted sources into breeding 
materials [50]. It is simply the bridge between genetics and applied breeding [51]. 
This bridge is indeed necessary in current breeding programs as it is mostly not 
possible to use directly any introduction outside of current improved lines/cultivars. 
Applied breeding, the first component in commercial breeding, utilizes either crosses 
between the more elite cultivars or backcrossing to transfer specific desired traits 
with the expectation to directly develop a commercial cultivar [49]. A successful 
long-term breeding program requires both applied and developmental components. 
 
Conventional breeding programs played a critical role in increasing yields and the 
selection for superior agricultural and fibre traits [52]. However further progress can 
be difficult largely due to the long breeding cycle, insufficient germplasm resources, 
and negative correlation between fibre productivity and quality [48]. A number of 
these shortcomings may be overcome by genetic engineering [53]. Genetically 
modified cotton allows improvement by use of the genes of specific interest, making 
the crop sustainable both economically and environmentally [54]. 
 
1.4.2 Genetic Engineering 
 
Genetic engineering offers a directed method of plant breeding that selectively 
targets one or a few traits for introduction into the crop plant. It is a process by 
which an identifiable DNA segment is inserted into a plant genome to manipulate 
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gene expression in ways that produce the desired phenotypic effect [53]. This may 
include the introduction of foreign genes into the plant genome that improve fibre 
quality directly (output traits), or through providing protection against 
environmental stresses (input traits) [55]. Significant progress has been made in the 
latter approach, particularly in insect and herbicide resistance. 
 
1.4.2.1 Input Traits 
 
The category of input traits embraces all genetic modifications of plants that 
enhance the agronomic performance in the field and offer resistance to abiotic 
(temperature, drought, etc.) and biotic (pathogens) stresses [56]. The benefits from 
input traits are mainly confined to crop production systems and are therefore 
captured principally by growers and agribusiness. However many input traits also 
have substantial benefits to agro-ecosystems, such as reduced chemical usage, as 
well as potential to reduce costs through improvements in production efficiency 
[57]. Some of the key examples of input traits that have been developed for cotton 
are outlined below.     
 
A variety of transgenic crops show resistance to insects [58], [59]. Cotton represents 
the first major crop genetically engineered for commercial production in 
conventional agriculture [55], [60]. Globally, Bacillus thuringiensis (Bt) cotton 
provides effective control of pests and delivers benefits to the grower such as 
increased income and a more convenient system while reducing pesticide sprays 
[61], [62]. Yet crop and seed quality of Bt cotton show similar characteristics as 
control cotton [63]. Although there are also a number of reports among growers that 
Bt cotton does not  always result in a cost benefit, there is an agreement that the Bt 
fields are generally easier to manage for pests than non-Bt cotton [55]. 
 
Another great progress of cotton genetic engineering is the breeding of transgenic 
cotton for resistance to herbicide [64]. Normally farmers use a number of 
conventional crop management practices such as crop rotation, physical removal of 
weeds or the use of herbicides to reduce weed competition. However the 
development of herbicide-resistant cotton allows farmers to apply the herbicides 
post-emergence, providing effective weed control without damage to the cotton 
plant [46]. These products have increased farmer income, provided greater flexibility 
and allowed for the adoption of favourable practices such as reduced tillage [65], 
[66]. 
 
Plant pathogens, including fungi and bacteria, also damage crops and thus reduce 
the total yield. Therefore the availability of disease-resistant transgenic cottons 
would be beneficial to control several microbial diseases. Although the importance 
of several pathogens is well recognized and some resistant genes have been isolated, 
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and are being transformed into cotton plants, yet biotechnology products to protect 
against these pathogens have not yet yielded commercial products [46], [67]. 
 
Additionally abiotic stresses, such as cold, drought, or heat, negatively impact cotton 
yield [68], [69]. Both transgenic and modern breeding techniques are being explored 
to address these challenges. However, due to the complex responses of plants to 
stress, engineering crop plants to withstand environmental stresses without a 
decrease in yield or quality is one of the long-term goals [46], [47].  
    
1.4.2.2 Output Traits 
 
Traits that impact the end use of the crop plants as a resource for feed, food and 
industrial applications are termed as output traits [56]. The improvements for these 
traits through genetic engineering is relatively a new but high potential area of study 
[52], [70]. Fibres represent over 90 % of the total value of the cotton crop and thus 
the genetic improvement of the fibre properties (Table 1.3) is indeed a major target 
for enhancing the competitive nature of cotton industry. Also improved efficiency of 
photosynthesis and high-value seed products are important aspects of cotton 
transformation [55]. 
 
The cotton fibre is a complex biological system that is the result of the 
developmentally regulated pathways consisting of literally thousands of genes and 
therefore a difficult subject to tackle using conventional approaches [71]. A large 
number of investigators through the years have contributed to the current 
knowledge of physical and chemical properties as well as the biology of fibre 
development [3], [4], [10], [48], [69]. An understanding of fibre development and 
properties is essential for formulation of strategies for fibre modification. Today an 
enormous base of fundamental understanding has been established on physiological 
and genetic aspects of a broad range of processes that drive the development of 
different parts of plants. This means that the basic tools are available to improve a 
number of cotton fibre properties or even to introduce complete new ones. Though 
it is important to understand which genes are linked to which characteristics.  
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Table 1.3 Output traits targeted for cotton improvement [55] 
Fibre    
   Yield   Number of fibres per seed  
   Quality   Increased length, strength, fineness, uniformity 
Improved maturity, colour and brightness 
Reduced short fibre content  
   Postharvest properties   controlled moisture sorption, dye uptake, binding 
   Novel properties  Thermal properties 
Naturally coloured cotton 
Antimicrobial fibres 
Seed   
   Oil content and quality  Quantity and composition of essential fatty acids 
Elimination of gossypol 
   Seed meal nutrition    Essential amino acids and proteins 
Essential vitamins and nutrients 
Production   
   Photosynthetic effect  Improved CO2 fixation 
   Water use efficiency  Improved water utilisation 
 
Although progress in genetic engineering of cotton output traits is still in its earliest 
stages of development from an economic standpoint, several studies have been 
reported on the generation of transgenic cotton that exhibit improved 
characteristics. Haigler reported transgenic cotton with improved fibre micronaire, 
strength and length, and increased fibre weight [72]. Also rabbit hair keratin gene 
has been cloned and transformed successfully into cotton plants which resulted in 60 
% higher lengths with better elasticity and thermal preservation properties [67].   
 
Similarly, bacterial genes responsible for synthesis of polyhydroxy-butyrate, a 
biodegradable thermoplastic polyester compound, was introduced into cotton [73], 
[74]. This work demonstrated that the synthesis of novel materials could be 
engineered. The quantities of PHB expressed by these plants were very small but did 
have an effect on some of the key fibre qualities without a detrimental effect on 
cotton fibre properties as the fibre exhibited normal strength, length, and 
micronaire. The transgenic cotton fibres showed measurable changes in thermal 
properties that suggested enhanced insulation characteristics. Also they conducted 
less heat, cooled down slower, and took up more heat than conventional cotton 
fibres.  
 
In addition to PHB, it has been proposed to transfer a protein based synthetic gene, 
typically found in elastin and exhibits temperature transition properties that enable 
water absorption 10 times its own weight into cotton. The objectives were to 
increase fibre strength, alter thermal and water sorption qualities and enhance the 
elasticity as well as the dye binding capacity of cotton fibre [75].  
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Recently the reactivity of cotton fibres was modified by the inclusion of positively 
charged molecules in the secondary cell wall. This was achieved by expression of the 
NodC gene that produces small oligochitin (N-acetylglucosamine oligosaccharide) 
with a degree of polymerization of 3–4 [76]. The aim of this approach was mainly to 
improve the efficiency of the dyeing process by decreasing the volumes of waste 
water and chemicals or by improving fastness properties. In addition the modified 
reactivity could also offer a breakthrough by improving the reactivity of cotton fibres 
with reactants used in the textile industry such as flame retardants, anti-crease 
agents, softeners, anti-static agents etc. 
 
Also there has been a recent renewed interest in naturally coloured cottons because 
the presence of natural pigments eliminates the need for colouring textile products 
to a certain extent, thus saving not only a large amount of energy but also preventing 
dye chemicals from polluting the environment. Naturally coloured cottons are 
spontaneous mutants of plants that normally produce white fibre and they have 
been cultivated for centuries [77]. In the preceding years, the yields of naturally 
coloured cotton were low, and the fibres were too short to be machine-spun [78], 
[79]. However especially with advanced genetic breeding technologies naturally 
coloured cotton fibres in various shades  (green and brown) with improved quality 
have been successfully produced [80], [81]. Unlike traditional dyed cottons, the 
colours of which tend to fade, the natural colour actually deepens after washing [82], 
[83]. Also many of the coloured cotton cultivars showed a surprising resistance to 
disease, drought, and pestilence [84]. However the wax and ash content of naturally 
coloured cottons were found to be greater while the cellulose content was lower 
than white cottons [85]. Moreover the limited oxygen index value of naturally 
coloured cottons is found to be higher than white cottons [86].  
 
It has been only in the last decade that researchers have begun to truly focus on 
studying biological and cellular processes to improve fibre characteristics. Yet the 
promising results of these very first generation experiments pave the way for the 
new opportunities to alter physical and biochemical properties of the fibre [55], [70]. 
There is, of course, the need to thoroughly evaluate the economics of transgenic 
plants to determine if the benefits to society and the environment compromise the 
cost of production [87]. Also the development of new traits in cotton or different 
colour shades with improved fibre characteristics requires the selection of novel 
fibres with the best performance in an early stage of development process. However 
only limited quantities of fibre are available from each transgenic plant for testing 
while current test methods often require larger quantities. Thus modified 
instrumentation and test methodologies that use only a few milligrams of fibre are 
needed [53]. A general overview of available test methodologies to screen 
particularly the output traits targeted for cotton improvement (Table 1.3) is given in 
the succeeding section.     
 
15 
 
 
 
 
 
 
 
 
1.5 Cotton Fibre Characterization 
 
1.5.1 Quality Traits 
 
The commercial value of cotton fibre is mainly determined by the overall physical 
dimensions and the extent of secondary wall thickening. The rigorous evaluation of 
the general quality and physical attributes of cotton fibre is needed to ensure the 
quality of the finished product and manufacturing efficiency and to allow a market 
value to be established for the cotton fibre. Various physical properties of cotton 
fibres are measured ranging from fibre length and length uniformity, strength, 
elongation (degree of extensibility), maturity (extent of cell wall thickening), 
micronaire (resistance to air flow across a plug of fibres) and fineness (linear density, 
a function of diameter and thickness), to colour indices (reflectance and yellowness) 
[88]. A few general considerations  apply to most of these tests including the use of 
standard atmospheric conditions, sampling procedures, the minimum number of 
specimens that should be tested, the importance of having standard and special 
tests that are reproducible among different operators and different laboratories 
[29].   
 
The most important physical property of cotton is probably fibre length. Several 
techniques have been proposed for measuring the length such as the Sutterwebb 
Array [89], ALmeter [90], or image processing [91] but currently two systems are 
mostly preferred namely the high-volume instrument (HVI) system and the advanced 
fibre instrument system (AFIS). The HVI system measures the span length of a beard 
of cotton fibres while the AFIS determines fibre parameters by measuring individual 
fibres [92]. 
 
Maturity is another important determinant in evaluating cotton quality due to the 
direct relationship with other fibre properties. The term of maturity generally refers 
to the degree of development or thickening of the fibre secondary wall [93]. It is very 
essential to have knowledge about fibre maturity because immature cottons tend to 
not dye uniformly and result in large processing wastes. Fibre maturity can be 
measured directly or indirectly. Although direct methods are more accurate and 
precise, they are more time consuming than indirect methods. In practice, therefore,  
direct methods are used to calibrate indirect methods [1]. Three of most significant 
direct methods are the caustic swelling test [95], the polarized light test [96], and 
image analysis [96–98]. The indirect methods are based on some fibre characteristics 
that are associated with the degree of wall thickening of the fibre such as air 
permeability and dyeability [99]. The Micronaire instrument measures the resistance 
to an air flow through a pre-weighed cotton tuft and this method is the most 
frequently used [100]. The method of maturity measurement carried out by the AFIS 
is based on detecting the attenuation of light amount that is diffracted by a fibre [5]. 
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Also near infrared reflectance spectroscopy (NIR) approaches have been developed 
and used for maturity testing [101], [102]. 
 
Fibre fineness, similar to maturity, is associated with yarn strength and fineness, 
appearance of the finished product and processing behaviour. The fineness of fibres 
is generally defined as the weight per unit length or linear density of the fibres [30]. 
The proposed methods for determining fibre fineness based on either measurement 
of weight per unit length, geometric fineness which are very time-consuming or 
determining the resistance to airflow of a plug of cotton namely the Arealometer or 
Micronaire [29].  
 
An accurate knowledge of tensile behaviour of cotton fibres is essential for specified 
textile and other end-use applications. Earlier systems of bundle fibre testing were 
the Presley [103] and the Stelometer [104] testers. The HVI strength tests were 
based on Presley measurements in which a tapered specimen with randomly 
clamped fibres is used and the fibre bundle strength and elongation data was 
obtained together [105]. Also useful data was obtained by using micro-stress 
equipment, although interpreting these data is relatively complex for fibres with 
irregular cross section. Currently Favimat and Mantis testing determine the single 
fibre data, the tensile strength and the elongation at a constant rate of extension. 
The Favimat testing instrument offers the possibility of obtaining additional fibre 
parameters capturing fibre crimps tenacity, linear density [5].    
 
Colour of cotton has also played a part in assessing the overall value of the fibre 
[106]. A number of factors such as rain damage, insect secretions, heat, ultra-violet 
radiation influence changes in its colour after the cotton has opened. Colour in raw 
cotton is measured by the cotton colorimeter in which two parameters, the 
reflectance and yellowness, are measured under standard illumination and density  
[1].      
 
1.5.2 Reactivity/Dyeability properties 
 
An important output trait targeted for cotton improvement is enhanced dye 
absorption and binding. For decades attempts were made to find a more 
environmentally friendly method of dyeing cotton as an alternative to standard 
reactive and direct dyeing processes that require high levels of water, salt and alkali 
and produce high levels of effluent contamination [114]. These commercially 
available dyes have only a moderate affinity for cotton since cotton fibres build up 
negative surface charges in water and these charges act to repel anionic dyes and 
retard exhaustion. Thus chemical modification of cotton in order to improve its 
dyeability has been considered for a long time [115–119]. 
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The dye absorption of fibres is mostly determined using a UV visible light 
spectrophotometer. The dye-bath absorbance is measured at the wavelength of 
maximum absorption (λmax). The percentage of dye-bath exhaustion (E) is 
calculated using equation below [120] 
 
                 (1.1) 
 
where Ao and A are the absorbance of the dye solution at the maximum wavelength 
before and after dyeing process, respectively. Also the use of reflectance values (R) 
to determine the concentration of dye in the fabric is a well-established technique 
and the relationship between R and K/S is shown in the equation below [121] 
 
                (1.2) 
 
where K is the light absorption coefficient and S is light scattering coefficient. Dye 
fibre interactions can further be studied using Fourier transform infrared 
spectroscopy and Raman spectroscopy [122–124]. 
 
1.5.3 Thermal Properties 
 
The response of cotton fibre to heat is dependent on several factors including 
temperature, time of heating, moisture content, relative humidity, presence or 
absence of any finish or other materials that may catalyse or retard the degradation 
process. Also the crystalline state, the degree of polymerization,  the physical 
condition of fibres and method of heating may affect the course of thermal 
degradation [1]. Below 120
o
C only adsorbed moisture is driven off, yet the fibre still 
contains traces of moisture. When the fibre is heated to 150
o
C, loss in 
polymerization degree and tensile strength is observed which are proportional to 
temperature and time. Complete loss of tensile strength occurs above 200
o
C. At 
temperatures below 200
o
C the slow oxidative reaction predominates while at higher 
temperatures the principal reaction is depolymerisation of cellulose. Combustive 
gasses are produced especially between 240 and 400°C, as a result of dehydration 
and decarboxylation reactions [119]. Levoglucosan, a major product among the 
numerous volatile products obtained from cellulosic materials, is typically formed at 
the end of this stage [120]. If the primary reaction products are not removed from 
the heated environment they will decompose and give a rise to flaming ignition in 
the presence of air [118]. A char is the only remaining solid above 400°C.  
 
Improving thermal properties, particularly flame resistance, is very crucial for several 
applications ranging from children’s sleepwear to car interiors. Thus the 
measurement of these properties has received considerable attention. Many testing 
procedures have been devised, most of them applicable to a particular type of 
product when a specific range of protection is under consideration. It is at once 
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apparent that an evaluation method which may be excellent for a sample can be 
very inadequate in determining thermal properties of another one. Therefore 
various end-use applications have unique fire tests, which in most cases have not 
been correlated to small-scale methods of flammability assessment. Also these tests 
are often applied on finished products rather than pure polymer compounds, yet 
most often there is a lack of resources to produce all required specimens to find the 
best material. A potential solution to this problem is to use small-scale flammability 
testing techniques to screen novel FR formulations prior to scale-up of a larger size 
product. 
 
Limiting oxygen index (LOI) [86], [140–142] and cone calorimeter [143–147] are 
among the most commonly cited methods for assessing flammability of cotton 
compounds. LOI remains one of the most popular flammability test methods 
because measurement of LOI can be done quickly using relatively inexpensive and 
simple equipment. The cone calorimeter utilizes the oxygen consumption principle 
and is suitable for relatively small-scale measurements [148]. Moreover cone 
calorimeter on certain specimens has been successfully correlated with real-scale 
burn tests, which represents an important milestone in testing methodology 
development [149]. Furthermore other techniques such as differential thermal 
analysis [118], [121], [122], differential scanning calorimeter [130–132] and thermo-
gravimetric analysis [133–138] have played important roles in following the thermal 
degradation and pyrolysis of cotton fibres in small scale. These thermal analysis 
methods can be used to make quantitative measurement of a sample’s weight 
reduction and heat release/absorption as a result of dehydration, oxidation, volatile 
evolution and char formation when the sample is exposed to a programmed heating 
procedure [139]. Recently pyrolysis combustion flow calorimeter (PCFC), also known 
as micro-scale combustion calorimeter, has been receiving attention as a potentially 
useful small-scale screening test to determine flammability of materials [150–153]. 
PCFC measures important parameters including heat release capacity, peak heat 
release rate, total heat released, and temperature at peak heat release rate. 
 
1.5.4 Moisture sorption properties 
 
Water content in the fibre has a profound effect on almost all the mechanical 
properties (tensile strength, stiffness, ultimate elongation, etc.) as well as the 
physical (electric and thermal conductivity, isolation against UV radiation solubility, 
etc.) and chemical ones (chemical reactivity, resistance to microbes, etc.) [107]. 
Moisture in raw cotton is usually expressed in terms of per cent moisture regain 
(MR) which is determined by equation below according to DIN 54351 [108]. 
 
                 (1.3) 
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where, Wc is weight of conditioned fibre (65 % relative humidity at 20°C  for a 
minimum of 48 hour) and Wd is weight of dried fibre (at 105°C for 4 h). The MR of 
cotton is reported around 8.5 %.    
 
Cotton cellulose is hydrophilic and swells in the presence of water. Thus the 
mechanism of moisture sorption is relatively complex because it involves a 
continuous change of the structure due to swelling. Normally cotton-water 
interactions occur either in amorphous regions or on the surfaces of the crystallites 
while crystalline regions of cellulose absorb a negligible amount of water [109]. 
Various theories have been proposed and modified to describe the sorption and 
desorption mechanisms of individual fibre material, but still the whole mechanism is 
not fully understood.  
 
The test methods for water sorption are diverse, but the ones applicable to cotton 
fibres are usually based on the correlation between changes in humidity and in 
weight. Controlling the changes in humidity by the saturated salts method is widely 
adopted as a standard. Though several days may be required to obtain equilibrium. A 
quick alternative to these conventional method is NIR analysis [110–112].  The 
introduction of Dynamic Vapour Sorption (DVS), however, revolutionised the field of 
gravimetric moisture sorption measurement. With DVS, a moisture sorption cycle 
can be run, changing the relative humidity gradually and measuring the mass change 
of the sample reveals the real-time dynamics of water exchange in solid samples. 
Thus DVS is a well-suited and practical tool to obtain vapour sorption isotherms 
which provide essential information on water-solid interaction [113].  
 
1.6 Objectives 
 
Cotton is the backbone of the world textile trade thanks to its excellent qualities and 
countless end uses. However, it is continuously losing ground in favour of the 
synthetic fibres which are continuously being improved and are becoming more 
controllable or tuneable as a consequence of advanced research. Recently 
biotechnology is considered to be a viable strategy for cotton fibres to remain 
competitive on the market. To obtain a truly competitive fibre for the future, 
attention should be given mainly to improvements on output traits. The 
development of these specific improved properties through genetic engineering 
takes over 10 years. It is thus a lengthy and costly process that requires a careful 
selection of the target properties and approaches to be tested. New insights in fibre 
morphology are crucial as they will lead to a better knowledge and understanding 
about how fibre characteristics can be influenced and improved. These new insights 
require novel methods to allow the testing of small scale samples of modified fibres. 
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The major challenge of this work is to acquire the fundamental knowledge needed to 
efficiently optimize and select for targeted fibre properties that create cotton that is 
well-tuned and designed for demanding end applications. This will involve the 
development of test methods for small-scale fibre samples as well as research on 
their correlation to existing large-scale tests. The target properties that are focused 
on are namely reactivity/dyeability, flammability/thermal properties and moisture 
sorption. 
 
In order to evaluate reactivity/dyeability of bioengineered cotton fibres designed to 
produce oligochitin in the fibre, first, a screening tool based on the absorption of CI 
Acid Orange 7 dye is extensively studied and optimized. Two other well established 
methods for nitrogen analysis namely the Kjeldahl method and near infrared 
spectroscopy (NIR) are used to validate this proposed method. Next, a broad range 
of dyes from different classes are investigated as to extend the understanding of the 
relation between the established screening method with the final improved 
dyeability of the cotton fibres. Also the possible sensitivity of the screening method 
towards variations in maturity is determined. The results will provide a better 
understanding of the different factors that can influence the screening method and 
thus will facilitate the correct performance evaluation of bioengineered fibres. 
 
To obtain a better insight into the effect of the fibre structure and composition on 
the thermal degradation, an in-depth thermogravimetric study on cotton fibres is 
performed. The effect of both maturity and non-cellulosic, particularly potassium,  
content are thoroughly investigated. This may lead to develop routes that improve 
thermal stability and smouldering characteristics of cotton fibres as relevant for 
future applications.         
 
In addition to TGA, an initial investigation into the use of cone calorimeter as a 
screening tool for measuring the heat release parameters of fibrous cotton samples 
is conducted. The major challenge is obtaining accurate, precise and reproducible 
cone calorimetric data of thermally thin and extremely low weight loose fibre 
specimens.  
 
As to develop routes that improve or tune the moisture management of cotton, first 
the sorption behaviour of fibres harvested at different stages in their development 
process is examined using DVS. The moisture sorption profiles as well as the 
hysteresis behaviour are studied for the developing cotton fibres. Moreover, the 
sorption kinetics are evaluated using the Hailwood and Horrobin model to assess 
structural changes in developing fibres during growth. Next moisture sorption of 
various cotton cultivars including brown and green fibres is studied. Their structural 
composition is analysed and correlated with sorption characteristics. The aim is to 
provide valuable insights in the moisture sorption mechanisms of the cotton fibre.   
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2 
Materials and Methods 
 
 
 
 
 
 
This chapter provides an overview of the generic materials and methods used for the 
research in this work. More specific details are given in the appropriate chapters.  
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2.1 Materials 
 
2.1.1 Cotton fibres 
 
Different types of cultivars, developing cotton fibres, transgenic lines and their 
respective controls (wild type) were used throughout this study. Large-scale quantity 
raw and scoured-bleached cotton fibres and fabrics (210 g/m
2
) were supplied by 
Utexbel (Ronse, Belgium). Various cultivars, bioengineered and their relevant control 
lines were delivered by Bayer CropScience N.V. (Ghent, Belgium). Transgenic fibres 
are the modified fibres by the inclusion of positively charged  molecules in the 
secondary cell wall which constitutes the major part of the cotton fibres [1].  This is 
achieved by expression of the NodC gene that produces small oligochitin (N-
acetylglucosamine olisaccaride) with a degree of polymerization of 3-4. Control 
cotton lines are substantially the same cotton genotype as the bioengineered line 
but without any modification. The given letters and numbers of different cotton 
cultivars in subsequent chapters do not represent a consistent classification.   
 
2.1.2 Dyes 
 
A broad range of dyes from different classes were employed in this study. CI Acid 
Red 4, CI Acid Blue 113, CI Reactive Red 120 were purchased from Sigma Aldrich 
(Bornem, Belgium). CI Acid Orange 7 was supplied from Boruta-ZachemKolor Ltd. 
(Bydgoszcz, Poland). CI Acid Red 361 and CI Acid Blue 277:1 were delivered by 
Huntsman BVBA (Everberg, Belgium). CI Direct Violet 47, CI Direct Red 83, CI Acid 
Yellow 137 and CI Reactive Yellow 176 were supplied by Dystar Benelux (Brussel, 
Belgium). CI Acid Blue 127:1 was delivered by Clariant (Muttenz, Switzerland) and CI 
Acid Blue 193 was supplied by BASF (Germany).  
 
2.1.3 Other chemicals 
 
Chemicals used for dyeing experiments including the cationic agent (3-chloro-2-
hydroxy-propyl trialkyl ammonium chloride), acetic acid, sodium hydroxide and 
sodium acetate were purchased from Sigma Aldrich (Bornem, Belgium). The non-
ionic wetting agent Croscolor PTM was delivered by Eurodye-ctc (Jodoigne, Belgium).   
 
Aflammit
®
 KWB  from Thor (Speyer, Germany) and H3PO4 were used for producing 
flame retardant cotton fibres.  
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2.2 Methods 
 
2.2.1 Quality measurements 
 
Cotton fibre properties were determined by Advanced Fiber Information System 
(AFIS) and High Volume Instrument (HVI) testers. 
 
2.2.2 Dyeing methods 
 
All dyeing experiments were performed in a Mathis Labomat BFA-8 lab dyeing 
machine, using sealed stainless steel dye pots. The solution pH was adjusted to pH 4 
by using 0.1 M acetate buffer and the pH measurements were conducted with a 
combined reference and glass electrode (Eutech Instruments). 
 
For the dyeing of cotton fibres, 0.25 g of fibre plug was placed in a beaker containing 
100 mL of a 0.02 g/L Acid Orange 7 solution and dyed at 30
o
C for 3 hours, if not 
stated otherwise. 
 
2.2.3 UV-VIS-NIR Spectrophotometer 
 
A Perkin Elmer Lambda 900 double beam spectrophotometer was used to obtain UV-
Vis spectra. For the absorption spectra of solutions 1 cm matched quartz cells were 
used. The solutions were measured in transmission mode and the spectra were 
recorded from 200 nm to 800 nm with a data interval of 1 nm. The percentage dye 
exhaustion was calculated according to the equation below: 
 
                     (2.1) 
 
where A0 and A1 are, respectively, the absorbance of the dyebath before and after 
dyeing at the wavelength of maximum absorbance.    
 
NIR spectra of 300 mg cleaned raw and cationic cotton fibres from 700 nm to 2500 
nm at 1 nm intervals were obtained using the ASD spectrometer LabSpec 5000 in 
reflectance mode (Analytic Spectral Devices Inc., Boulder, Colarado, USA). Next, 
multivariate analysis was conducted on the first derivative of the spectra between 
2200 and 2300 nm using the multivariate analysis software Unscrambler v9.8 (CAMO 
Software AS, Oslo, Norway). From the principle component analysis the first principle 
component was considered (PC1) further (responsible for most of the variation: 
>70%).  
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2.2.4 Thermogravimetric Analysis 
 
Thermogravimetric analysis (TGA) measures the weight loss of a material as a 
function of temperature or time in a controlled atmosphere [2]. The technique is 
mainly used to determine the composition and thermal stability of the materials. 
Also with proper experimental procedures, additional information about the kinetics 
of the decomposition and in-use lifetime predictions can also be obtained [3-5].  
 
TGA experiments were carried out in a Q 5000-instrument from TA-instruments. 
Different samples masses of 1, 5 and 10 mg have been investigated at heating rates 
of 2.5, 20 and 50°C/min over a temperature range of 50°C till 700°C. The 
measurements were performed in an air or nitrogen atmosphere with a rate of 25 
ml/min. The cotton fibres were rolled into small balls, wearing latex gloves in order 
to avoid moisture and sweat absorption.  
 
2.2.5 Cone calorimeter 
 
The cone calorimeter utilizes the oxygen consumption principle and is suitable for 
relatively small-scale measurements [6-8]. A Fire Testing Technology Limited model 
FFT cone calorimeter was used, following the ISO 5660-1 standard. The fibres were 
burned for all experiments with a horizontal orientation, in air atmosphere and at 
three different predetermined external irradiances (heat fluxes) of 25, 35 and 50 
kW/m
2
. The heat release rate measurements were taken every 2 seconds. The 
instrument allows for the determination of total heat release (THR), the heat release 
rate (HRR) and the corresponding peak (pK HRR).  
 
2.2.6 Dynamic vapour sorption 
 
Dynamic vapour sorption (DVS) is a well-suited technique to study the moisture 
sorption and the interaction of water molecules with a compound [9]. The technique 
yields highly reproducible data and provides accurate isotherms over a wide relative 
humidity (RH) range [10]. DVS measurements were conducted in a Q-5000SA 
instrument (TA-instruments, Zellik, Belgium). All measurements were performed at  
23°C ± 0,1°C. Deliquescent salts (sodium bromide and potassium chloride) were used 
to verify the humidity of the instrument. 4 mg of cotton fibres were rolled into a 
small ball and placed in the quartz sample pans. At the start of each moisture 
sorption cycle, the fibres are conditioned at 0 % RH until the weight change is 
stabilized to be less than 0.05 % for a period of 15 minutes. After the stabilization, 
the moisture sorption cycle was started and the humidity was increased stepwise, 
with steps of 10 % RH from 5 % till 95 %. The desorption isotherm, from 95 % till 5 % 
was recorded as well. At every RH, the equilibrium moisture content (EMC) is 
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monitored after reaching equilibrium, or thus when the weight change is less than 
0.05 % over a time period of 15 minutes.  
 
HH model is used to evaluate sorption kinetics of fibres. According to the HH model 
the total moisture content of material at any humidity during sorption can be 
calculated by the equation below [10]: 
 
          (2.2) 
 
  (
    
 
)  [
         
             
]  (
    
 
)  [
      
          
]  (2.3) 
 
where M is the equilibrium moisture content, h is the % relative humidity, Mh is the 
% moisture content of the monolayer adsorption, Md is the % moisture content of 
the polylayer adsorption, K1 is the equilibrium constant of monolayer water, K2 is 
the equilibrium constant of polylayer water, and W is the molecular weight of the 
cell wall polymer per sorption site. The values of K1, K2 , and W are determined by 
plotting h/M against h with a polynomial equation: 
 
 
 
           (2.4) 
 
where A, B, C are regression coefficients and linked to K1, K2, and W values by the 
following relationships using linear least square method: 
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The total hysteresis value was calculated by subtracting the area under the 
normalized desorption curve from the area under the normalized sorption curve 
using Microcal Origin 6.0 software (Microcal Software, Inc., Northampton, MA, USA). 
The degree of hysteresis was calculated using the equation below (Okubayashi et al. 
2004):  
 
                                                                (2.8) 
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2.2.7 Inductively coupled plasma atomic emission spectrometer 
 
Inductively coupled plasma atomic emission spectrometry (ICP-AES) is a well-
established technique for elemental analysis, allowing coverage of more than 60 
elements with a good dynamic range [11]. To determine the variations in potassium 
content of fibres 200 mg cotton fibre dissolved in 8 ml concentrated sulphuric acid 
(H2SO4) and boiled until a black colour was obtained. After this, nitric acid was added 
to the mixture until it became transparent. Then the solution was diluted to 100 ml 
with demi-water. The potassium (K) content was determined by ICP-AES.   
 
2.2.8 X-ray Diffraction 
 
The X-ray diffraction (XRD) patterns were measured for raw cotton fibres with an X-
ray diffractometer (Thermo Fisher Scientific Inc, Waltham MA, USA) using CuKα 
radiation (λ = 1.5406 Å) at 40 kW and 20 mA. Scattered radiation was detected in the 
range of 2θ = 5-40
o
, at a scan rate of 2
o
/min.  
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3 
Reactivity/Dyeability 
 
 
 
 
 
 
This chapter studies an innovative screening tool based on the absorption of CI Acid 
Orange 7 (AO7) dye to evaluate the reactivity/dyeability of bioengineered cotton 
fibres designed to produce oligochitin in the fibre. The proposed innovative 
methodology is validated through two established methods for N-analysis. Also a 
broad range of dyes from different classes are investigated as to extend the 
understanding of the relation between the AO7 screening method with the final 
improved dyeability of the cotton fibres. The possible sensitivity of the screening 
methodology towards variations in maturity is determined as well. 
 
 
 
Results of this chapter are published in: 
 
Ö. Ceylan, L. Van Landuyt, L. Van der Schueren, M. Hauben, M. De Block and K. De 
Clerck. Innovative Screening of Novel Bioengineered Cotton Fibres Containing 
Oligochitin. Textile Research Journal (2012) 82(8), 801-809. 
 
Ö. Ceylan, L. Van Landuyt, F. Goubet, K. De Clerck. The sensitivity and impact of dye 
structure and fibre micronaire on the increased dyeability of bioengineered cotton 
fibres. Coloration Technology (2013) 129(4), 239-245. 
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3.1 Introduction 
 
The chemical modification of cotton fibres to produce new and unusual properties 
has received considerable attention in recent years. The modification is generally 
achieved by blocking the functional groups (OH) already present in the fibre and 
introducing new functional groups. The most common approach is the introduction 
of cationic sites in the fibres through a treatment with quaternary amino groups or 
chitosan derivatives. Some encouraging results were reported with these 
compounds especially in the salt-free dyeing of the cotton [1–14]. 
 
Although international research so far largely focused on chemical treatments, 
advances in biotechnology have also created new opportunities to design new fibres 
with valuable characteristics. The reactivity of cotton fibres can be modified through 
the expression of the NodC gene that produces oligochitin (N-acetyl glucosamine 
oligosaccharide) with a degree of polymerization of 3-4 in the secondary cell wall 
which constitutes the major part of the cotton fibres [15]. However the 
development of such trait requires the selection of novel modified cotton lines with 
the best performing fibres in an early stage of the breeding process, thus with only a 
few cotton bolls available. Staining methods combined with microscopy techniques 
are very useful for some in-depth interpretations but they suffer from an inherent 
large variation, difficult to quantify. As such a method more related to the large-scale 
textile processes but yet applicable on small fibre quantities is needed.   
 
Thus, the objective of this chapter is to establish a reproducible test method for the 
determination of reactivity variations in cotton fibres and optimize it to be applicable 
on less than one gram of fibre material. Therefore a spectrophotometric method 
based on the absorption of AO7 dye by the fibres is extensively studied. Two other 
well established methods for nitrogen analysis namely the Kjeldahl method and near 
infrared spectroscopy (NIR) are used to validate the proposed method. Next, a broad 
range of dyes from different classes are investigated as to extend the understanding 
of the relation between the established screening method with the final improved 
dyeability of the cotton fibres. Four dyes of different classes and structures which 
show most promising results are selected and used to screen dyeability differences 
between the bioengineered cotton lines. Also a possible sensitivity of the screening 
method towards variations in maturity is investigated.  
 
3.2 Materials and Methods 
 
3.2.1 Materials 
 
Different types of transgenic and control cotton lines were used throughout this 
study.  Large-scale quantity reference and scoured-bleached fibres were prepared by 
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Utexbel (Ronse, Belgium) while bioengineered fibre lines and their relevant control 
lines were delivered by Bayer CropScience (Ghent, Belgium). Control cotton lines are 
substantially the same cotton genotype as the bioengineered line but without any 
modification. All fibres were used as received, without any pre-treatment unless 
stated otherwise. 
 
The cationic agent (3-chloro-2-hydroxy-propyl trialkyl ammonium chloride), acetic 
acid, sodium hydroxide, sodium acetate, CI Acid Red 4 (AR4), CI Acid Blue 113 
(AB113) and CI Reactive Red 120 (RR120) were purchased from Sigma Aldrich 
(Bornem, Belgium). CI Acid Orange 7 (AO7) was supplied from Boruta-ZachemKolor 
Ltd. (Bydgoszcz, Poland). CI Acid Red 361 (AR361) and CI Acid Blue 277:1 (AB277) 
were delivered by Huntsman BVBA (Everberg, Belgium). CI Direct Violet 47 (DV47), CI 
Direct Red 83 (DR83), CI Acid Yellow 137 (AY137) and CI Reactive Yellow 176 (RY176) 
were supplied by Dystar Benelux (Brussels, Belgium). CI Acid Blue 127:1 (AB127) was 
delivered by Clariant (Muttenz, Switzerland) and CI Acid Blue 193 (AB193) was 
supplied by BASF (Germany). All dyes are used as received without further 
purification. The non-ionic wetting agent Croscolor PTM was delivered by Eurodye-
ctc (Jodoigne, Belgium).   
 
3.2.2 Methods 
 
3.2.2.1 Modification of cotton fibres with the cationic agent 
 
Etherification of cotton fibres with a commercially available cationic agent (3-chloro-
2-hydroxy-propyl trialkyl ammonium chloride) at various concentrations was 
performed and used for the selection of dyes and for the optimization of the 
method.  The cationic agent was dissolved in distilled water to give solutions at 
different concentrations (0-20 g/L) by weight. These were applied to bleached cotton 
fibres in the Mathis Labomat BFA-8 lab dyeing machine using sealed stainless steel 
dye pots at a liquor ratio of 50:1 for 90 minutes at 75 
o
C. Sodium hydroxide, 15 g/L, 
was added as a catalyst in all cases. The treated fibres were washed with tap water 
until neutral and dried at ambient conditions.  
 
3.2.2.2 Spectrophotometric Acid Orange 7 method 
 
The Acid Orange 7 method is a dye adsorption method based on the determination 
of the dye concentration in solutions in contact with fibres before and after dyeing 
using absorbance measurements at a wavelength of maximum absorbance (484 nm) 
[16]. In literature, the technique was used for the evaluation of chitin and chitosan or 
materials coated with these polymers [17], [18].      
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All dyeing experiments were performed in a Mathis Labomat BFA-8 lab dyeing 
machine, using sealed stainless steel dye pots. If not stated otherwise, 0.25 g of fibre 
plug was placed in a dye pot containing 100 mL of a dye solution and dyed at 30
o
C. 
The solution pH was adjusted to pH 4 by using 0.1 M acetate buffer. 0.7 g/L wetting 
agent was added to all solutions before dyeing at 30
o
C. The pH measurements were 
conducted with a combined reference and glass electrode (Eutech Instruments). 
Various dye concentrations and dyeing times of 3, 6 and 24 hours have been 
investigated for different dyes. 
 
A Perkin Elmer Lambda 900 double beam spectrophotometer was used to obtain UV-
Vis spectra. For the absorption spectra of solutions 1 cm matched quartz cells were 
used. The solutions were measured in transmission mode and the spectra were 
recorded from 200 nm to 800 nm with a data interval of 1 nm. The percentage dye 
exhaustion was calculated according to the equation below: 
 
                      (3.1) 
 
where A0 and A1 are, respectively, the absorbance of the dyebath before and after 
dyeing at the wavelength of maximum absorbance (484 nm).    
 
3.2.2.3 The Kjeldahl method 
 
The percent nitrogen of cationic, transgenic and control fibres was determined in 
duplicate by the Kjehdahl method [19]. The determination of nitrogen content by the 
Kjeldahl method is a universal technique that is applicable to a large number of 
materials. The method is based on the digestion of the sample with sulphuric acid 
and a catalyst. The samples (0.15 g) were dried at 105 
o
C before measurement. After 
digestion the solution is made alkaline by the addition of sodium hydroxide which 
results in the formation of volatile ammonia. Then the ammonia is measured by 
direct or indirect methods [20].  
 
3.2.2.4 The NIR method 
 
NIR analysis is a non-destructive, cost effective and well established spectroscopic 
method which can rapidly provide information on the chemical composition of the 
sample. The reliability of the method for total nitrogen analysis has also been 
studied, especially for agricultural products [21].  
 
NIR spectra of 300 mg cleaned cotton fibres from 700 nm to 2500 nm at 1 nm 
intervals were obtained using the ASD spectrometer LabSpec 5000 in reflectance 
mode (Analytic Spectral Devices Inc., Boulder, Colarado, USA). The spectra of cationic 
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treated fibres are based on 10 repetitions and the spectra of the bioengineered 
cotton fibres are based on 20 replicates per fibre type.  
 
Multivariate analysis was conducted on the first derivative of the spectra between 
2200 and 2300 nm for cationic fibres and between 1850 and 2400 nm for transgenic 
and wild type cotton (control) fibres, using the multivariate analysis software 
Unscrambler v9.8 (CAMO Software AS, Oslo, Norway). From the principle component 
analysis the first principle component was considered (PC1) further (responsible for 
most of the variation: >70%).  
 
3.3 Optimization of the AO7 method 
 
The effect of processing parameters on AO7 measurements is not reported in 
literature even though it was used on various samples under different conditions 
[17], [22], [23]. Therefore the method is studied in depth to determine the relevant 
conditions for the scope of this work. The variables studied include the 
concentration of dye and wetting agent, as well as dyeing time and dyebath pH.  
 
Reference cotton fibres were used to investigate the effect of dye concentration on 
the AO7 measurements. The exhaustion of the solution was calculated based on 
transmission measurements of the solution before and after dyeing and the results 
are shown in Figure 3.1. 
 
 
Figure 3.1 Exhaustion values of dye solutions for different dye 
concentrations. 
 
As expected, the exhaustion of the dye bath increases substantially at lower 
concentrations. Moreover the practical advantage of using concentrations below 
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0.02 g/L is being able to eliminate the dilution of solutions for spectroscopy 
measurements. The reproducibility of the experiments is very essential due to the 
fact that the expected differences between the first phase bioengineered fibre lines 
are small. Therefore eliminating the dilution step from the process will also eliminate 
possible errors. For these reasons, 0.02 g/L dye concentration was used for all 
further experiments.  
 
In industrial processes, cotton materials are pre-treated to extract impurities to 
achieve the even wetting of material for a level dyeing. Also in literature the AO7 
method was always applied on pre-treated materials. Untreated cotton samples 
cannot be wetted properly and this can induce large variations on the results of the 
measurements, meaning a low reproducibility of the experiments. However, the 
usual pre-treatments such as scouring and bleaching are not applicable on the small 
amounts used in this study. Therefore a non-ionic wetting agent was added to the 
dye solution to assure the level wetting of fibres. Solutions containing different 
amounts of wetting agent (0-1 g/L) were used to elucidate the influence of the 
wetting agent on dyeing experiments and to determine the minimum wetting agent 
required, Figure 3.2.  
 
 
Figure 3.2 The effect of wetting agent on dye bath exhaustion. 
 
It can be seen that increasing the concentration of wetting agent from 0 to 1 g/L was 
accompanied by a substantial increase in the exhaustion of the dye. A further 
increase in wetting agent concentration gave a little further improvement in the dye 
exhaustion. However, the addition of 1 g/L or more wetting agent into the dyebaths 
results in a dispersion instead of a solution. Therefore 0.7 g/L wetting agent was 
used for all further experiments. 
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The effect of the dyebath pH on the exhaustion of AO7 for untreated reference and 
scoured-bleached cotton fibres were examined, Figure 3.3. The exhaustion is 
remarkably influenced by the dyebath pH for untreated cotton fibres, increasing with 
decreasing values, while only a slight increase was observed for bleached fibres. It is 
well known that the non-cellulosic components of cotton fibres contain some 
nitrogen based groups. The great dependence of the exhaustion on dyebath pH for 
untreated fibres is probably due to the fact that the acid dye binds to these 
protonated nitrogen based groups in cotton, which increases with the drop in pH. 
However the effect of these groups on the measurements should be avoided for the 
proper evaluation of the newly introduced groups. Therefore all further experiments 
were performed at pH 4 and it is of utmost importance to keep the pH within narrow 
limits. pH 4 corresponds to the pH values used often in literature for the AO7 
method [16], [18]. At lower pH the stability of the acetate buffer is decreasing and 
there is a risk of deformation on cotton structure although the exhaustion was 
higher while at higher pH the protonation of the oligochitin groups cannot be 
observed well. 
 
 
Figure 3.3 The effect of pH on the dyebath exhaustion for non-bleached 
and bleached fibres. 
 
In literature, AO7 experiments were carried out for extended dyeing times (24-48 
hours). However, these very long dyeing times are not practical for the large number 
of screening tests required for the bioengineering applications. Therefore the 
influence of the dyeing time on the exhaustion is investigated for optimization. 
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Figure 3.4 The effect of dyeing time on the dyebath exhaustion. 
 
In Figure 3.4, it is apparent that the dye exhaustion is levelled off by the end of 
three-hours. Despite the higher dyeing times used for AO7 method in literature, it is 
not relevant for this particular study. Therefore a three-hour dyeing time was used 
for further experiments. 
 
3.4 Validation of the methods 
 
The proposed method is intended to screen fibres containing chitin and therefore 
validated with cotton fibres containing increasing levels of a cationic agent. Bleached 
cotton fibres were treated with various (10 different) concentrations (1-40 g/L) of 
the cationic agent and compared to a blank sample. It is known that a higher 
concentration of cationic agent in the solution will increase the availability of the 
agent molecules for etherification reactions with cellulose [24–26], and will thus 
increase the amount of nitrogen and the dyeability of the fibres. Hence the 
variations in agent concentration are expected to result in differences in reactivity as 
well as nitrogen content of the fibres. The rest of the conditions such as 
temperature, time and the sodium hydroxide concentration are kept constant. 
Figure 3.5 shows the results of the selected methods for fibres treated with different 
concentrations of the cationic agent to test the sensitivity and accuracy.  
 
For the AO7 method, an excellent correlation between the solution exhaustion and 
the concentration of cationic agent is observed indicating the sensitivity of the 
method to measure reactivity differences on cotton fibres even at very low 
concentration, Figure 3.5. This can be attributed to the preferential binding of the 
AO7 to the cationic agent where only weak van der Waals or hydrogen bonding may 
occur in the untreated fibres.  Also a reasonable trend is obtained in the results of 
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the NIR measurements. The data point shown is the mean value of PC1 of 10 
repetitions for each sample. The increased signal intensity between this particular 
region (2200-2300 nm) of the spectra is due to the increasing number of N-methyl 
groups resulting from the increased agent concentration used for the fibre 
treatment. However the standard deviation of the method is larger than that of the 
AO7 method. The nitrogen content of the fibres measured by the Kjeldahl method 
also increased with increasing agent concentration. The standard deviation of 
measurements for concentrations below 7.5 g/L were high, meaning that the 
resolution of the measurements is limited at lower concentrations. It is also well 
known that a certain amount of sample is required for an appropriate measurement 
when the nitrogen content of the sample is low for the Kjeldahl method. 
 
The absolute values of the results obtained from the methods are different from 
each other due to the differences in fundamental characteristics. Therefore an 
analysis of the correlations between these methods, Figure 3.6, can be useful for 
correct evaluation of the techniques. 
 
The correlations between the methods at higher agent concentrations are more 
reliable than the ones at lower agent concentration. It is also noted that the 
correlation between the AO7 method and NIR (R
2
 > 0.98) is higher than the 
correlations of these methods with the Kjeldahl method (R
2
 < 0.95).  
 
These results demonstrate that AO7 provides the most reliable accuracy and 
reproducibility to measure even the small differences in fibre reactivity. A major 
advantage of the AO7 is that, by being a wet state technique, it can simulate large-
scale industrial textile processes. As many textile treatments are wet-processing 
operations and the fibre characteristics can be different in wet state, combining a 
wet technique with other established techniques is very crucial for the correct 
performance evaluation of bioengineered fibres.  
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Figure 3.5 The screening results and standard deviations of 
fibres treated with different concentrations of cationic agent 
analysed by (a) AO7 method, (b) NIR and (c) the Kjeldahl 
method. 
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Figure 3.6 Correlations between the different methods. 
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3.5  Testing bioengineered cotton lines 
 
In routine practices, screening tests are performed on bioengineered lines to 
evaluate up to which extent the desired traits are introduced. Based on the results, 
successful lines can be selected to produce at larger scales while others can be 
eliminated. The proposed method in this study is meant to be used in such practices, 
therefore transgenic lines with their controls are selected and evaluated with the 
three methods to determine whether it is possible to detect differences in nitrogen 
levels among these fibres. For the selected fibre lines, each different letter 
represents fibres of a different transgenic plant from the same genotype while “WT” 
is the relevant wild type (control) of that genotype. One-way ANOVA analysis was 
performed followed by a Tukey test as post-hoc on fibres of the same line to 
determine whether the obtained differences between transgenic and non-transgenic 
lines are consistent and statistically significant (F: Fisher value, p: Probability).  
 
 
Figure 3.7 Percentage exhaustion of dyebath and standard deviations for transgenic cotton 
fibres and their controls. 
 
AO7 dyeing’s conducted under optimized process conditions for all fibre lines. Figure 
3.7 shows the exhaustion values of dyeing experiments which are taken as a 
measure of reactivity for different cotton lines. It is observed that the exhaustion 
values secured by transgenic fibres (A and B) are significantly higher (F(1) = 100, F(2) 
= 122 and F(3) = 208, p < 0.05 for all cases) for all lines than for wild type (WT) fibres. 
The higher exhaustion values of transgenic cotton fibres in comparison with controls 
are attributed to the presence of the N-acetyl glucosamine groups transferred into 
the molecular structure of cotton cellulose. These groups are positively charged at 
pH 4. The sulfonate group of the dye AO7 is negatively charged and interacts with 
positively charged nitrogen groups. 
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To confirm these results, fibres from transgenic lines together with their relevant 
wild types were also monitored by NIR and Kjeldahl measurements. The PC1 of the 
first derivative of the NIR spectra between 1850 and 2400 nm which corresponds to 
the acetyl and N-acetyl regions of the introduced groups are shown in Figure 8. In all 
cases, obtained values are higher for transgenic fibres than wild type fibres. 
According to the one way ANOVA results, all these differences are also statistically 
significant (F(1) = 81.4, F(2) = 65 and F(3) = 47, p < 0.05 for all cases).  
 
 
Figure 3.8 The PC1 of the first derivative of NIR spectra between 1850 to 2400 nm and standard 
deviations for the transgenic cotton fibres and their controls. 
 
The total nitrogen content of 3 different genotype cotton lines together with their 
relevant control lines determined by the Kjeldahl method are shown in Figure 3.9. It 
can be noticed that the amount of nitrogen detected in the transgenic fibres is 
higher than the wild type cotton fibres for all lines. However, according to one-way 
ANOVA results, only the differences in nitrogen content for the first and third line are 
statistically significant (F = 39.0 and F = 29.4, respectively, p < 0.05 for both cases) 
whereas for the second line the differences in the nitrogen content are statistically 
insignificant (F = 8.9, p > 0.05).   
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Figure 3.9 The nitrogen content and standard deviations of cotton fibres analysed by the 
Kjeldahl method. 
 
Based on the results presented above, it is possible to conclude that there is a 
certain difference concerning the nitrogen content and reactivity of different cotton 
fibres and, indeed, the AO7 method can be used to discriminate between transgenic 
and control lines. An important advantage of the AO7 method is that it provides 
information about the impact of introduced oligochitin groups on the end use 
properties of fibres whereas the other two methods are limited in this respect.      
 
3.6 Selection of dyes 
 
As to improve the understanding of the relation between the AO7 screening method 
with the final improved reactivity of the cotton fibres, the absorption method is 
further extended towards other dye classes. Cotton fibres treated with different 
concentrations of a cationic agent (0-20 g/L) were dyed with 12 dyes of different 
classes including acid, direct, reactive and metal-complex dyes using the already 
optimised conditions for the AO7 method. This set of dyes consists of: two 
monosulfonated monoazo acid dyes (AO7 and AR4); one disulfonated monoazo acid 
dye (AR361); one disazo acid dye with two sulfonate groups (AB113); two 
anthraquinone acid dyes (AB127 and AB277); two premetallised acid dyes with 
(AB193) and without (AY137) a sulfonate group; two premetallised disazo direct dyes 
(DR83 and DV47); one dichlorotriazinyl (RR120) and one sulfatoethylesulfone 
(RY176) reactive dye. The calculated dyebath exhaustion for each dye is grouped and 
shown together with other dyes of similar chemical structure and similar exhaustion 
value in Figure 3.10.  
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Figure 3.10 Exhaustion values of different dye solutions using cationic fibre. 
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It can be seen that for all dyes the dyebath exhaustion is increasing with increasing 
concentrations of cationic agent although some of these dyes are not meant to be 
used for cotton fibres. The exhaustion values obtained for the disazo acid dye 
(AB113) was the highest within the acid dyes due to its longer linear molecular 
structure and potential to orient along the cellulose chains similar to a direct dye. 
The tested direct and reactive dyes exhibit similar exhaustion properties. A solubility 
problem was encountered with metal complex dyes, particularly for AY137, which 
can decrease the reproducibility of the measurements and therefore these dyes 
were excluded from the analysis. The dyes showing the highest dyebath exhaustion 
were chosen as best candidates for screening differences in bioengineered fibres. 
Thus AB113 as an acid dye, DV47 as a direct dye and RR120 and RY176 as 
bifunctional reactive dyes were selected. Furthermore AO7 was also included as an 
acid dye as to relate the results to the already established method. The molecular 
structures of these selected dyes are shown in Table 3.1. 
 
3.7 Optimisation of the dyeing process 
 
All processing parameters are taken in agreement with the optimisation on AO7. The 
focus of this additional optimisation is mainly towards the parameters strongly 
dependent on dye structure being dye concentration and dyeing time.  
 
It is clear from the experiments that the dyebath exhaustion is increasing at lower 
concentrations (data not shown). Also any effects of dye aggregation or dilution of 
dyebath on spectroscopy measurements can be minimised using low dye 
concentrations. Thus the dye concentrations are adjusted at a range where the Beer-
Lambert law is obeyed and the phenomenon of dye aggregation is insignificant, 
Table 3.2. 
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Table 3.1 Chemical structures of dyes. 
 
Generic Name Chemical structure 
CI Acid Orange 7 
 
Acid Blue 113 
 
Direct Violet 47 
 
Reactive Red 120 
 
Reactive Yellow 176 
 
 
 
Table 3.2 The optimised dye concentrations for the selected dyes 
CI Name Optimised Dye Concentration (g/L) 
AO7 0.02 
AB113 0.025 
DV47 0.04 
RR120 0.04 
RY176 0.06 
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For choosing the optimised dyeing time, cotton fibres treated with the cationic agent 
(5 g/L) with its respective control (0 g/L) and a bioengineered cotton line with its 
respective control (wild type) were dyed with increasing dyeing times, Figure 3.11. 
Overall the dye exhaustion remains to increase with dyeing time, with this being a 
little more explicit for the bioengineered fibre and its control compared to the 
cationic treated fibre and its control. It is also clear that for routine screening 
purposes a dyeing time of three hours already serves very well, especially for the 
smallest dye, AO7. However for the present work a 24 hour dyeing time is chosen as 
to obtain the highest possible differences in exhaustion.  
 
3.8 Screening of bioengineered lines with the selected dyes 
 
The spectrophotometric method based on AO7 dye absorption has been used for 
screening and statistically significant differences were found between lines designed 
to produce oligochitin and their respective controls. However, it is also important to 
investigate whether these differences can be detected using other dye classes for 
the correct evaluation of the bioengineered fibres. Thus the dyes selected in the 
previous paragraph are used as well to screen the bioengineered lines with their 
relevant wild type control for each specific line, Figure 3.12. T-test or One-way 
ANOVA analysis was performed followed by a Tukey test as post-hoc on fibres of the 
same line to determine whether the obtained differences between bioengineered 
and control fibres are consistent and statistically significant.  
 
It can be noticed that the exhaustion values obtained for bioengineered fibres are 
higher than for the control fibres. One way ANOVA and t-test results also indicated 
that these differences are statistically significant (p < 0.05). The higher exhaustion 
values of bioengineered fibres can be attributed to the positively charged N-
acetylglucosamine groups transferred into the molecular structure of cotton fibres 
which interacts with negatively charged groups of dye molecules at pH 4. Also the 
incorporation of this positively charged group into the cotton structure can reduce 
the repulsive charges between dyes and the cotton fibre. This may be an alternative 
to the routine industrial practices where electrolytes are used in the dyeing process 
to overcome these repulsive forces. 
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Figure 3.11 The exhaustion of dyebath for cationic treated (5 g/L) and the control (0 g/L), 
bioengineered cotton fibres and the control (wild type). 
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Figure 3.12 The dyebath exhaustion values of selected dyes for bioengineered fibres and their 
controls (WT samples) for various lines (number 1-4). 
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3.9 Effect of micronaire on the spectrophotometric method 
 
Micronaire is a commonly used parameter to quantify fibre maturity. It is a measure 
of the fibre’s resistance to air flow per unit mass and is related to both fibre 
diameter and secondary wall thickness [27], [28]. In literature the relation between 
the cotton fibre micronaire and dye adsorption at equilibrium has been studied and 
a relationship was found for American Upland type cotton [29], [30]. Therefore it is 
important to examine the effect of micronaire on the novel spectrophotometric 
method as to determine the possible impact on the results for the correct evaluation 
of the bioengineered lines. Valid micronaire determinations require at least 3 g of 
individualized fibre and thus it is not possible to measure micronaire values for the 
bioengineered lines due to their limited availability. Therefore in parallel to the 
bioengineered lines, a series of cotton fibres with known micronaire values were 
dyed with the selected dyes as well. The corresponding exhaustion and micronaire 
values together with the extrapolated correlation curves are shown in Figure 3.13 
The distribution of the exhaustion values for the bioengineered and their respective 
control fibres are also given as shaded area. 
 
It can be noticed that the exhaustion of the dyebath for all dyes studied is inversely 
related to the micronaire values which corresponds to the results given in literature 
[29]. However for all selected dyes the differences in dyebath exhaustion between 
the bioengineered fibres and their controls are larger than the observed trend with 
micronaire. Despite the effect of molecular structure of the dyes and the micronaire 
values of fibres on measurements, the differences among bioengineered and control 
fibres are still remarkable. It is thus demonstrated that the dyeability differences 
among cotton fibres designed to produce oligochitin and their respective controls 
can be detected by a spectrophotometric method using different dye classes. 
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Figure 3.13 The exhaustion and micronaire values of reference fibres and the distribution of 
exhaustion values for bioengineered lines and their controls. 
 
3.10 Conclusion 
 
A novel test method based on the absorption of AO7 dye is established for the 
screening of bioengineered cotton fibres with an improved reactivity through the 
incorporation of positively charged nitrogen moieties. The processing parameters 
namely dyeing time, pH, dye and wetting agent concentration were extensively 
studied and optimized. The feasibility and capability of the method is validated using 
cationic treated fibres. Good correlations were obtained between the AO7 and two 
more established methods for the determination of nitrogen content. However the 
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AO7 method showed the highest sensitivity and reproducibility especially at the low 
end of the nitrogen content/concentration. These low concentrations are crucial in 
the early selection of bioengineered cotton lines due to the fact that the differences 
in the research phase bioengineered lines and their controls can be small. In 
addition, a few transgenic lines designed to produce oligochitin and their respective 
controls were screened with the methods to see whether the proposed method is 
capable of accurately detecting the differences in nitrogen levels. Statistically 
significant differences were found between corresponding lines. 
 
Also a wide range of industrial dyes from different classes have been studied to 
improve the understanding of the relation between the established screening 
method with the final improved dyeability of the cotton fibres. After a broad 
screening of various dye classes using cationic treated cotton fibres, four most 
promising dyes from different dye classes were chosen for further in-depth study.  
 
The dye concentration and dyeing time required for the measurements were again 
optimised for each dye and several bioengineered lines designed to produce 
oligochitin and their respective controls were screened with the optimised 
spectrophotometric method using selected dyes. Statistically significant differences 
were observed between the corresponding lines for all dyes. Although micronaire 
also affects the dye exhaustion it was clearly observed for all tested dyes that the 
differences in exhaustion values of bioengineered lines designed to produce 
oligochitin and their controls are larger than the possible impact of micronaire on the 
exhaustion values. 
 
As a conclusion, the screening method based on dye absorption of CI Acid Orange 7 
is first established and then further extended to use a broader range of dyes such as 
reactive and direct dyes which are more appropriate for cotton fibres. Thus the dye 
substrate interactions present in real world commercial systems can be better 
examined. The results show the potentials of the incorporated oligochitin in the 
bioengineered fibres towards an increased efficiency in dyeing processes for all 
tested dyes.  
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4 
Thermal properties 
 
 
 
 
 
 
This chapter studies thermal properties of cotton fibres using Thermogravimetric 
analysis (TGA) and Cone calorimetry. First the thermal decomposition of cotton 
fibres with various maturities is examined using TGA. Also the effect of wet 
processing with water on the thermal behaviour of cotton fibres is thoroughly 
investigated. Next, cone calorimetry is used as a screening tool for measuring the 
heat release parameters of fibrous cotton samples. Despite inherent limitations of 
the technique, attempts have been made to evaluate its utility for testing the flame-
retardant properties of extremely small quantities of fibre.  
 
 
 
Results of this chapter are published in: 
 
Ö. Ceylan, L. Van Landuyt, H. Rahier, K. De Clerck. The effect of water immersion on 
the thermal degradation of cotton fibres. Cellulose (2013) 20(4), 1603-1612. 
 
Ö. Ceylan, J. Alongi, L. Van Landuyt, A. Frache and K. De Clerck. Combustion 
characteristics of cellulosic loose fibres. Fire and Materials (2013) 37(6), 482-490. 
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4.1 Introduction 
 
Cotton fibres, besides the traditional use in clothing, have been proposed as an 
environmentally friendly alternative to synthetic polymers for many applications [1-
4]. The thermal stability of cotton products, however, is one of the problems posed 
to the textile industry. Government regulations and voluntary standards dictate the 
increasing use of flame retardant (FR) textiles mainly in work clothing, fire-fighter 
apparel, transportation, institutional carpets, bedding and military garments [5]. In 
order to comply with these regulations cotton fibres are usually blended with 
synthetic fibres. Also there are currently several types of chemical finishes that can 
be applied to cotton materials to improve thermal properties. Particularly 
halogenated and formaldehyde based phosphorus flame retardants are suitable for 
cotton fibres. However toxicological and environmental consequences of using such 
chemicals create a barrier to the development and applications of these finishes. 
Despite a significant consumer demand for pure cotton products there is no 
commercial FR treatment available which alleviates these concerns and allows 
keeping the aesthetics of the garment. Thus there is a need to develop new eco-
friendly and durable means of producing thermally stable cotton garments. To 
achieve this in a more environmentally friendly manner one may explore certain 
cotton cultivars with claimed intrinsic flame resistant properties [6] or use 
biotechnology to design new fibres with valuable characteristics [7]. Also, synthesis 
of aliphatic polyester (polyhydroxybutyrate, PHB) within cotton fibres has resulted in 
measurable improvements in thermal properties of bioengineered cotton fibres [8], 
[9].  
 
When developing and optimising these new textile fibres, evaluating and analysing 
their performance improvement is the most critical part. The capability of a testing 
method to differentiate small differences in thermal properties among samples is of 
utmost important for the success of the research and development work [10]. 
However testing thermal properties of materials presents specific technical and 
scientific challenges. These tests are commonly applied on finished fabrics rather 
than loose fibres, yet for fibre development research there is a lack of resources to 
produce the large amounts of fibres that are required for fabric production for all 
research lines. A potential solution to this problem is to use small-scale flammability 
testing techniques to screen novel fibre lines prior to scale-up for a larger size 
production. 
 
Thermogravimetric analysis (TGA) is a useful technique which measures the weight 
loss of a material as a function of temperature or time in a controlled atmosphere 
[11]. Although the technique is mainly used to determine the composition and 
thermal stability of the materials, additional information about the kinetics of the 
decomposition and in-use lifetime predictions can also be obtained [12-14]. 
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The thermal degradation of cellulosic materials proceeds through a series of complex 
chemical reactions due to the large number of parallel and consecutive steps of the 
reaction [4], [15-18]. Raw cotton fibres consist of 95 % cellulose and the remaining 
parts are non-cellulosic compounds which are mostly located in the primary cell wall 
and contain proteins, amino acids, waxes, pectin substances, hemicelluloses, organic 
acids, sugars, inorganic salts and pigments [19-21]. Alterations in this chemical 
composition as well as supra-molecular structure and crystallinity can change the 
thermal stability of the cotton fibres [15], [22]. So far the effect of alkaline and 
inorganic salts treatments as well as industrial washing processes at relatively high 
temperatures on the thermal behaviour of cotton fibres have been studied using 
TGA [23], [24]. The sample weight loss with temperature and decomposition 
products is reported to be dependent on the type of treatment. The changes in 
thermal behaviour due to these treatments have been attributed to differences in 
mechanisms of degradation of cellulose in the absence and presence of additives or 
contaminants. Yet no detailed studies have been reported on the effect of wet 
processing merely with water at ambient temperature on the thermal behaviour of 
cotton fibres with different maturities. Water is used in almost all wet processing 
steps of cotton fibres. It is thus of interest to understand the effect of relatively short 
water immersion on its own. 
 
Thermogravimetric investigations show a major potential in the material thermal 
characterization but only have a limited success in the study of interrelations 
between the combustion behaviour and characteristics of materials [25]. Indeed TGA 
is not able to provide a parameter such as heat release rate (HRR), which is one of 
the most important parameters in characterizing flammability behaviour and 
predicting the fire hazards of materials [26]. This can be overcome by using 
calorimetric instruments such as the cone calorimeter. The cone calorimeter utilizes 
the oxygen consumption principle and is suitable for relatively small-scale 
measurements [27-29]. However the cone calorimeter set up was originally designed 
to assess flammability properties of thick materials such as composites. A major 
challenge is to obtain reproducible cone calorimetric data for the extreme low 
density and fast burning fibrous specimens. Previous works have shown that when 
sample masses are below 5 g, errors in cone calorimeter results are around 10 % and 
care needs to be taken when  comparing with other fire tests [30-32]. The test 
parameters of the cone calorimetric method has been adapted for textile fabrics 
which are already regarded as thermally thin samples [31], [33], [34], but up to my 
knowledge, has never been optimized for the much thinner cotton fibre samples.  
 
Thus in the present chapter, first the thermal decomposition of cotton fibres with 
various maturities is examined using TGA. Also the effect of water immersion on the 
thermal behaviour of cotton fibres is thoroughly investigated. As to provide a generic 
insight in the impact of the water immersion a range of cotton fibres was selected 
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based on a variety of origin and maturity. Inductively coupled plasma atomic 
emission spectrometry (ICP-AES) was used to trace the variations in water soluble 
content of the fibres due to water immersion. Moreover the influence of the test 
parameters on the thermal degradation of raw cotton fibres is determined. The aim 
is to explore the role of water soluble constituent and maturity in the thermal 
degradation of cotton fibres. This is useful information for the research to develop 
routes that improve thermal stability and smouldering characteristics of cotton fibres 
as relevant for future applications.   
 
Next an initial investigation is made into the use of cone calorimeter as a screening 
tool for measuring the heat release parameters of fibrous cotton samples. Despite 
inherent limitations of the technique, attempts are made to evaluate its utility for 
testing the flame-retardant properties of extremely small quantities of fibres. The 
major challenge is to obtain accurate, precise and reproducible cone calorimetric 
data of thermally thin and extremely low weight loose fibre specimens. This is aimed 
for by modifying different testing parameters such as sample weight, heat flux and 
grid type. The method is evaluated using cotton fibres and fabrics with different 
flame retardant properties. Also different cotton lines are screened for differences in 
fibre combustion behaviour.  
 
4.2 Materials and Methods 
 
4.2.1 Materials 
 
For TGA, 7 different cotton lines representing three cultivated species (Gossypium 
hirsutum, Gossypium barbadense and Gossypium herbaceum) were selected based 
on their distinct physical properties and kindly supplied by Utexbel (Ronse, Belgium) 
and Bayer CropScience NV (Ghent, Belgium). The cotton samples were tested on the 
High Volume Instrument (HVI) [35].  
 
The fineness of the fibres was determined gravimetrically. A bundle of fibres was 
combed parallel, secured in stelometer clamps, and then cut in a predetermined 
length. The bundle was released from the clamp, weighed and the fibres were 
counted. Five bundles were selected for each sample. The gravimetric fineness is 
then calculated as: 
 
  
 
   
 (4.1) 
 
where H is the gravimetric fineness, W is the weight of the cut bundle of the fibres, N 
is the number of fibres in the bundle, and l is the length of the fibre bundle.  
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The maturity ratio of the fibres is calculated using Lord’s model. For a set of 100 
cottons, Lord confirmed that the relationship between maturity, fineness and 
micronaire could be described by the following equation [36]: 
 
                         (4.2) 
 
where H is fineness, M is maturity ratio and Mic is micronaire. The relationship has 
subsequently been confirmed by other workers [37-39].  
 
Measurement of the width of the cotton fibres was used to provide an estimate of 
the fibre diameter. A tuft of fibres were placed on a microscope slide and the 
dimensions at several points of the fibres from the same line were measured by 
means of a light microscope, type Olympus BX51 (Tokyo, Japan). By assuming a 
cylindrical shape of the fibres, the estimated fibre surface area (EFSA) per milligram 
was calculated using the equation below: 
 
           (4.3) 
 
where L is the mean length of the fibre as determined with HVI, P is perimeter as 
calculated using estimated fibre diameter, N is the number of fibres per mg of lint 
and is given by: 
 
  
      
   
  (4.4) 
 
In Table 4.1 an overview of the fibres used for TGA with their corresponding 
micronaire, maturity ratio, fineness and estimated fibre surface area per milligram is 
given.  
 
The term “untreated” refers to fibres that are used as received, without any pre-
treatment. To remove some of the water-soluble parts, the fibres are kept immersed 
in demineralized water for approximately 10 minutes and dried at ambient 
circumstances. These fibres are referred to as “water-immersed”. 
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Table 4.1. Species, fineness, micronaire, maturity ratio and estimated fibre surface area data of 
the cotton fibres 
Cotton 
line 
Species Fineness 
(mtex) 
Micronaire Maturity 
Ratio 
EFSA 
(mm2/mg) 
Line 1 G. Arboreum 425 7.8 0.95 137 
Line 2 G. Arboreum 362 7.2 0.95 155 
Line 3 G. Arboreum 379 6.8 0.83 136 
Line 4 G. Arboreum 346 5.6 0.68 162 
Line 5  G. Hirsutum 220 4.1 0.67 207 
Line 6  G. Herbaceum 290 3.9 0.50 217 
Line 7 G. Hirsutum 144 2.8 0.66 302 
 
For the cone calorimeter study, raw and scoured-bleached cotton fibres (Micronaire: 
4.0-4.5, length: 28-29 mm, strength: 28-30 cN/tex) and cotton fabrics (210 g/m
2
) 
from Utexbel (Ronse, Belgium) were used. The fibres from the different cotton lines 
were obtained from Bayer Bioscience N.V. (Ghent, Belgium). The fibres were opened, 
cleaned and deposited in the form of a loose web using an Uster MDTA 3 laboratory 
blender. Fibres were passed through the machine at least three times to obtain 
homogenous mixtures.      
 
4.2.2 Preparation of flame retarded cotton fibres and fabrics 
 
Scoured and bleached cotton fibres (Line 0) and fabrics were treated with a solution 
of Aflammit
®
 KWB from Thor (Speyer, Germany) in between 0 and 300 g/L in the 
presence of H3PO4 (20 g/L). Samples were padded through a Gate AG Vaduz 
laboratory padder to control the pickup rates, dried at 60 C for 10 minutes, and post-
cured at 150°C for 5 minutes. After curing, all samples were washed with warm and 
cold water. The % dry pick up of fibres and fabrics are shown in Table 4.2. 
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Table 4.2 The dry pick up of flame retarded cotton Line 0  fibres and fabrics 
 
4.2.3 Preparation of the samples for the combustion tests 
 
According to normative ISO5660-1 [40] standard typically applied for the study of 
combustion behaviour in plastic specimens (thickness of 6 mm), 100 x 100 mm fibre 
samples were cut from the loose fibrous web and placed over the middle of an 
aluminium foil of 102 x 102 mm with the shiny side towards the specimen and the 
corners folded (aluminium boot or tray). Further, the fibres were retained to this 
aluminium foil by different steel grid types in order to prevent suctioning of the 
sample by the exhaust hood. Finally, the prepared samples were placed over a 
ceramic backing pad for the measurements. Figure 4.1 illustrates the three grid types 
and Table 4.3 summarizes their characteristics.  
 
 
Sample Aflammit solution (g/L) The dry pick up (%) 
FIBRE 
0 0.5 
50 1.4 
100 3.6 
150 5.5 
200 7.7 
250 8.6 
300 11.0 
FABRIC 
0 0.6 
50 2.3 
100 4.2 
150 5.8 
200 6.8 
250 7.7 
300 9.7 
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Figure 4.1 Three grid types employed in the present study. 
 
Before the measurements, all samples were conditioned for 24 hours in a climate 
chamber at 23°C and a relative humidity of 50 %. For a specific set of samples, 
different conditions of humidity have been taken in consideration, namely 25, 35, 50 
and 75%.  
 
Table 4.3 Characteristics of steel grid types 
grid weight [g] thickness [mm] mesh type size [mm] 
TYPE1 25 2 square 18 
TYPE2 28 2 lozenge 11/23* 
TYPE3 12 1 square 12 
* Diagonal size 
 
4.2.4 Methods 
 
4.2.4.1 Thermogravimetric Analysis (TGA) 
 
The thermogravimetric experiments were carried out in a Q 5000-instrument from 
TA-instruments. Initial sample masses of 1, 5 and 10 mg have been investigated at 
heating rates of 2.5, 20 and 50°C/min and this over a temperature range of 50°C till 
700°C. The measurements were performed in an air or nitrogen atmosphere with a 
rate of 25 ml/min. The cotton fibres were rolled into small balls, wearing latex gloves 
in order to avoid moisture and sweat absorption. If not explicitly mentioned, the 
testing conditions are 5 mg weight of sample, a heating rate of 20°C/min. and in an 
air atmosphere. 
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4.2.4.2 Inductively coupled plasma atomic emission spectrometry 
(ICP-AES) 
 
For the potassium analysis, 200 mg of cotton fibre was dissolved in 8 ml 
concentrated sulphuric acid (H2SO4). Next, nitric acid was added to the mixture and 
the solution was diluted to 100 ml with demi-water. The potassium (K) content was 
determined by ICP-AES [41], [42].  
 
4.2.4.3 Dynamic Vapour Sorption (DVS)  
 
To moisturize fibres at 95 % relative humidity a Q-5000SA Dynamic Vapour Sorption 
(DVS) instrument was used (TA-instruments, Zellik, Belgium). The measurement was 
performed at 23°C ± 0,1°C. Deliquescent salts (sodium bromide and potassium 
chloride) were used to verify the humidity of the instrument.  
 
4.2.4.4 Cone Calorimeter 
 
A Fire Testing Technology Limited model FFT cone calorimeter was used, following 
the ISO 5660-1 standard. The fibres were burned for all experiments with a 
horizontal orientation, in air atmosphere and at three different predetermined 
external irradiances (heat fluxes) of 25, 35 and 50 kW/m
2
. The heat release rate 
measurements were taken every 2 seconds. The instrument allows for the 
determination of total heat release (THR), the heat release rate (HRR) and the 
corresponding peak (pK HRR). For each sample type, the experiments were repeated 
at least three times to ensure the reproducibility of the measurements.  
 
4.3 Thermogravimetric Analysis 
 
4.3.1 The degradation profile of cotton in air and nitrogen 
atmospheres  
 
The thermal degradation of cotton fibres in air atmosphere typically occurs in two 
different steps, Figure 4.2. To better visualize the steps, the derivative of the weight 
loss curve (DTG) is shown in Figure 4.2(b). Below 240°C, there is only a small weight 
loss which is attributed to the release of physically adsorbed water. Region I, 
between 240 and 400°C, corresponds to dehydration and decarboxylation reactions 
of the cellulose which produce combustive gasses [43], [44]. Levoglucosan, a major 
product among the numerous volatile products obtained from cellulosic materials 
[17], is typically formed at the end of this stage. The weight loss in region II, between 
400 and 550°C, can be attributed to the oxidative degradation of the char formed in 
region I. The peak in region II is very sharp, suggesting a high activation energy is 
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needed. As this step is not reproducible in terms of temperature where it occurs, it 
will not be further studied. The residue at 700°C is always very low (few %) and 
depends on the type of fibre and the experimental parameters. In contrast to air 
atmosphere, all samples tested in nitrogen atmosphere show only one degradation 
peak (region I). Also the residue remaining in nitrogen atmosphere is substantially 
higher than the residue in air atmosphere, which can be explained by the absence of 
the step above 400°C (region II). 
 
 
Figure 4.2 TGA (a) and DTG (b) curves of cotton fibre (line 5) in an air and nitrogen atmosphere. 
 
Previously reported comparative studies signified the influence of the atmosphere 
on the thermal degradation behaviour of cotton fibres [16], [45]. Yet no study has 
systematically examined the influence of atmosphere in relation to maturity of 
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cotton fibres. For the less mature fibres, a considerable difference between air and 
nitrogen atmospheres was observed in the shape of the derivative curves, Figure 4.3. 
The DTG of the less mature fibres, in air atmosphere reveal either two symmetric 
peaks, Line 5, or a shouldered peak, Line 4, in region I, while those of the more 
mature fibres, Line 1 and Line 3, become sharper with increasing maturity and reach 
the maximum degradation rate at higher temperatures. The difference between low 
maturity ratio and high maturity ratio fibres in the nitrogen atmosphere is 
substantially smaller although a slight increase in degradation temperature was 
observed with increasing maturity. In general the rate of weight loss is more 
pronounced in a thermo-oxidative environment when an air atmosphere is used in 
the test [46]. Also true life thermal behaviour and the effect of structural differences 
on thermal decomposition of cotton fibres can be observed more profoundly in air 
than nitrogen atmosphere. Thus it is worthwhile to study the DTG profiles of region I 
in air atmosphere in more detail.  
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Figure 4.3 DTG curves of cotton fibres with different maturity in air (a) and nitrogen (b) 
atmosphere. 
 
4.3.1 Influence of wet processing on the degradation profile 
 
As explained in the introduction, cotton fibres contain water soluble constituents. 
After a wet processing such as desizing, scouring, bleaching or dyeing, the thermal 
behaviour might thus change. Figure 4.4(a) and Figure 4.4(b) show a clear difference 
in DTG profiles of the water-immersed and untreated fibres with lower maturity 
ratio. In contrast to this, only a small change is noted on the degradation profile of 
more mature fibres after water immersion, Figure 4.4(c) and Figure 4.4(d). After 
water immersion of less mature fibres the peak temperature of the first degradation 
shifts with 30 to 40°C towards higher temperatures and the shape of the curves 
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becomes sharper meaning that the rate of weight loss is increased due to water 
immersion. This may possibly be attributed to the higher extraction of water-soluble 
non-cellulosic constituents of less mature cotton fibres. The major portion of non-
cellulosic compounds is located in the primary cell wall which consists of 50 % 
cellulose.  Thus less mature fibres develop a larger surface area per unit mass which 
consists of a relatively higher amount of primary cell wall because of their less 
developed secondary cell wall compared to more mature fibres, as confirmed in 
Table 4.1 [47]. This may consequently result in higher amounts of water soluble 
content and thus more pronounced differences in decomposition behaviour due to 
water immersion. To underpin this observation, a less mature fibre was kept at 95 % 
relative humidity till equilibrium was reached and then dried at ambient conditions. 
Thus the fibres were still wetted but the water soluble non-cellulosic compounds 
were not extracted from the structure and as a result the degradation profile was 
almost the same as the untreated fibre, Figure 4.4(a) (moisturized fibre).   
 
Thus an analysis of the water soluble constituents before and after water immersion 
is performed. Of all water soluble constituent, inorganic salts are the most prevalent 
elements in untreated cotton [48], [49]. Most of these inorganic salts including 
aluminium, potassium, magnesium, calcium and nitrogen can be removed with wet 
processing. Previous studies indicated that potassium is the most reliable marker for 
washed versus unwashed cotton [50]. In general the presence of inorganic salts, 
even in small amounts, is known to influence the thermal behaviour of cellulosic 
materials [51]. Also cotton fabrics treated with metal ions such as potassium and 
sodium are stated to have a lower onset degradation temperature, lower DTG 
maxima for depolymerisation and char oxidation as compared to acid washed cotton 
[23]. Yet no studies have reported the effect of inorganic salts inherently present in 
raw cotton. Figure 4.5 summarizes the relationships among maturity, potassium 
content and thermal behaviour of water-immersed and untreated cotton fibres. 
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Figure 4.4 DTG curves of untreated, DVS wetted and water-immersed cotton fibres with 
different maturity (a: Line 5, b:Line 4, c: Line 3, d: Line 1). 
79 
 
 
 
 
 
 
 
 
An inverse correlation is observed between maturity ratio and the potassium 
content of cotton fibres, Figure 4.5(a).  This indeed confirms that the cotton fibre will 
have a larger cellulosic content and smaller soluble fraction when it matures in line 
with the reported higher non-cellulosic content for lower micronaire fibres [22], [52]. 
 
 
Figure 4.5 Potassium content as a function of the maturity ratio (a) and peak temperature of 
the DTG (air) in region I as a function of Potassium-content (b). 
 
Also a large difference is observed between the potassium content of untreated and 
water-immersed fibres. The untreated samples contain 1.25 to 6.2 mg/g potassium 
while after water immersion the potassium content is decreased below 0.7 mg/g  for 
all samples, Figure 4.5(a). For untreated fibres, the peak temperature of the first 
degradation shifts with 20 to 30°C towards lower temperatures with increasing 
potassium content, Figure 4.5(b). This can be attributed to the acceleration of 
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cellulose decomposition via levoglucosan formation due to the presence of inorganic 
salts. Consequently they lower the onset pyrolysis temperature [23], [24]. Yet this 
difference almost completely disappears after water immersion which signifies that 
the fibres become more alike in thermal properties after extraction of the inorganic 
salts. When the potassium content decreases below a certain level, the acceleration 
effect becomes less pronounced. It thus can be stated that water immersion has an 
important effect on thermal degradation of cotton fibres. This effect is more 
pronounced for less mature fibres. 
 
As to further clarify the effect of the maturity on thermal properties of cotton fibres, 
the TGA test parameters are to be looked at. Therefore, influence of sample weight 
and heating rate were studied. 
 
4.3.2 Influence of the sample weight on the degradation profile 
 
As can be seen in Figure 4.6, with changing sample weight the shape of the curves in 
region I changed distinctly for the less mature fibres (Line 4 and Line 5) and to a 
lower extent for the more mature fibres (Line 1 and Line 3). For less mature fibres, 
increasing sample weight increases the degradation speed and decreases the onset 
temperature while this effect is less pronounced for more mature fibres. This finding 
is in contrast to the generally stated shift in the peak temperature towards higher 
temperatures with an increase in sample weight as larger amounts of sample also 
cause a proportionally large amount of mass to be evolved during the first 
degradation [53-55]. This difference can be attributed to the non-cellulosic 
components having low decomposition temperatures [15] or inorganic salts that may 
change the mechanism of cellulose degradation and thus accelerate the initial 
degradation of the cotton fibres, especially relevant for the higher masses. 
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Figure 4.6 DTG curves of cotton fibres with different maturity at different sample weights of 1 , 
5  and 10 mg. (a: Line 5, b: Line 4, c: Line 3, d: Line 1). 
82 
 
 
 
 
 
 
 
 
4.3.3 Influence of the heating rate on the degradation profile 
 
In line with previous research, an increased heating rate results in a shift in the onset 
of degradation to higher temperatures, Figure 4.7 [4], [56]. This shift occurs by a 
combination of kinetics and heat transfer effects in the fibre. For less mature fibres, 
Figure 4.7a and 4.7b, also a change in the shape of curves is observed while the 
curve shape of the more mature fibres is almost not altered by the change in heating 
rate, Figure 4.7c and 4.7d. A different shape indicates variations in the degradation 
mechanism. Again this can be explained by the variation in non-cellulosic content of 
the fibres. The higher non cellulosic content of less mature fibres catalyses the 
degradation reaction and thus alters the degradation behaviour.  
 
Based on these results it can be stated that the thermal behaviour of cotton fibres is 
significantly affected by the variations in TGA parameters. The impact is much more 
pronounced for low micronaire fibres and to a lesser extent for high micronaire ones. 
This can be attributed to the differences in non-cellulosic constituents and 
consequently thermal stability of the fibres. 
 
It is clear that thermogravimetric investigations show a major potential in the 
material thermal characterization. However, TGA is not able to provide information 
concerning the flammability behaviour and the fire hazards of materials. Thus in the 
next section an initial investigation has been made into the use of cone calorimeter 
as a screening tool for measuring the heat release parameters of fibrous cotton 
samples. 
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Figure 4.7 DTG curves of cotton fibres with different maturity at different heating rates of  2.5 
10, 20 and 50°C/min (a: Line 5, b:Line 4, c: Line 3, d: Line 1).    
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4.4 Cone Calorimetric Analysis 
 
With the advent of the cone calorimeter, several international standards have been 
established for polymer materials. Also two ASTM standards have been developed in 
the field of textiles for wall covering composites, upholstered furniture and mattress 
components [57], [58]. Nevertheless it is not possible to follow the existing standards 
for loose fibrous samples due to the differences in physical structure of the 
specimen. Therefore a feasibility study needs to be performed on the key test 
parameters such as the sample weight, the relative humidity, the heat flux and the 
grid type. The protocol of the ISO 5660 is taken as a starting point, with it being a 
generally applied standard to polymeric materials (thickness of 6 mm) and to textile 
fabrics. 
 
4.4.1 Influence of sample weight and heat flux  
 
The sample density can play an important role on the cone calorimeter test results. 
For textile fabrics, the thickness of the sample remains within the limits of the 
instrument even if multiple layers are needed to obtain a sufficient sample weight. In 
contrast, cotton fibres have a much lower density thus requiring thicker samples to 
obtain a certain sample weight, with the actual thickness depending on the fibre 
packing density. To establish the optimal sample weight 1 g, 2 g and 3 g of fibre (with 
a fixed thickness of 8 mm, 12 mm and 18 mm, respectively) were tested at different 
heat fluxes (25, 35 and 50 kW/m
2
).  
 
A heat flux of 25 kW/m
2 
to irradiate the loose cotton fibre specimens results mainly 
in smouldering combustion for all weights tested, Figure 4.8. The intensity of the 
irradiating source and the density of fibres are not enough to provoke the flaming 
combustion of the cotton fibres and this condition seems to be not affected by the 
sample weight.  
 
Even at a heat flux of 35 kW/m
2
, Figure 4.9, a standard heat flux used within the 
established commercial aircraft regulations for some textiles [59], smouldering 
combustion rather than a flaming combustion is observed for several of the samples. 
This lack of flaming combustion for a number of samples did affect the 
reproducibility of the analysis for all sample weights.   
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Figure 4.8 HRR curves for cotton fibres (a) 1 g (b) 2 g (c) 3 g obtained with a heat flux of 25 
kW/m2. 
86 
 
 
 
 
 
 
 
 
 
Figure 4.9 HRR curves of cotton fibres (a) 1 g (b) 2 g (c) 3 g obtained with 35 kW/m2 of heat flux. 
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At 50 kW/m
2
 (Figure 4.10), a heat flux which represents severe fire exposure and 
consistent with the actual train fire tests [60], all samples showed flaming 
combustion. Within the range of samples tested, the 2 g sample showed the highest 
reproducibility. For the 1 g sample the curves are too steep due to the low amount of 
material resulting in fast burning of the sample. Especially the variation on the pK 
HRR was higher than for the 2 g and 3 g samples. On the other hand the HRR curves 
for the replicates of the 3 g samples are not well overlapping. These variations may 
be attributed to the presence of a substantial volume of air between the fibres, 
acting as an insulator affecting the combustion behaviour, with this effect being 
more pronounced for the higher masses or thus thicker samples. 
 
Thus the optimal condition to test the combustion behaviour of loose cotton fibres is 
set at 2 g of fibrous material and a heat flux of 50 kW/m
2
.  
 
4.4.2 Influence of the grid type  
 
Textile materials exposed to a heat flux tend to melt, curl or char which results in a 
change in specimen configuration [31]. The discrepancy in specimen configuration 
makes it difficult to obtain reproducible data due to changes in thickness and flux 
intensity imposed on the surface. Therefore, especially thin samples are tested using 
a metal grid to keep the initial distance between specimen and cone calorimeter 
heater constant and to reduce the deformation of the specimen. It is also known that 
employing such a grid has an effect on the time to ignition and pK HRR values[61]. In 
the case of fibrous samples, it is very crucial to fix the sample thickness and stabilize 
the sample packing density by minimizing the free volume of the sample to improve 
the reproducibility. Analysis of cotton fibres in the absence of a grid did not only 
result in a non-reproducible specimen-heater distance, but also in a too rapid 
combustion (data not shown). The specimen starts to burn immediately and thus the 
registered HRR curve results cut off. 
 
For this reason, three different metal grid designs (Figure 4.1) were employed with 2 
g of fibre at a heat flux of 50 kW/m
2
. The grid types chosen are different in terms of 
weight, thickness and mesh type, as described in Table 4.3. The TYPE1 grid is the 
reference, pointed out by the ISO5660 standard. The TYPE2 grid has a different mesh 
type but similar weight and thickness compared to the TYPE1 grid, whereas the 
TYPE3 grid has a similar mesh type but a lower weight and thickness compared to 
the TYPE1 grid.   
 
 
.   
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Figure 4.10 HRR curves of cotton fibres (a) 1 g (b) 2 g (c) 3 g obtained with 50 kW/m2 of heat 
flux. 
89 
 
 
 
 
 
 
 
 
 
Figure 4.11 HRR curves of cotton fibres tested with different grids under 50 kW/m2. 
 
Figure 4.11 illustrates the effect of the grid type on the HRR for a heat flux of 50 
kW/m
2
. Obviously the grid type has a significant effect on the combustion behaviour 
of the samples. Using the TYPE2 grid results mainly in smouldering combustion for a 
substantial number of replicates. TYPE1 and TYPE3 grid however did favour mostly 
flaming combustion. The reproducibility study on the replicates, Table 4.4, showed 
the TYPE3 grid to be more reproducible than the TYPE1 grid. Also, probably the low 
heat absorption of TYPE3 minimises the influence of the grid on the results. 
Therefore the TYPE3 grid with a heat flux of 50 kW/m
2
 was used for all further fibre 
tests. 
 
Table 4.4 Reproducibility results with 3 different grid types 
Grid Type 
pK HRR (kW/m
2
) HRR  (kW/m
2
) THR (MJ/m
2
) 
Avg Std D. CV % Avg Std D. CV % Avg Std D. CV % 
TYPE1 77,0 2,4 3,1 36,4 2,1 5,8 2,2 0,1 6,4 
TYPE2 41,7 24,4 58,6 22,9 11,6 50,5 1,5 0,7 45,1 
TYPE3 123,1 5,2 4,2 39,8 1,4 3,6 2,5 0,1 3,9 
 
4.4.3 Influence of the relative humidity 
 
Cotton fibres are highly hydrophilic, thus a possible effect of the room humidity 
conditions during storage of the samples prior to testing may need to be taken into 
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account. A set of samples conditioned at various relative humidity levels were tested 
under the optimised experimental conditions (sample mass of 2 g, grid TYPE3, 50 
kW/m
2
). This resulted in only small differences for the parameters (THR and pK HRR) 
selected to perform the fibre screening with changes in relative humidity (Figure 
4.12). Thus the further testing of loose fibrous specimens have been performed after 
conditioning the samples at 50% relative humidity, in agreement with the ISO5660 
guidelines. 
 
 
Figure 4.12 pK HRR, THR and associated standard deviations of cotton fibres conditioned at 
different relative humidity (RH) conditions burned with TYPE3 grid under 50kW/m2. 
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4.4.4 Comparative study of the cone calorimetric procedure on flame 
retarded fibres and fabrics 
 
In literature, cone calorimetric testing was successfully used to determine the heat 
release parameters of fabrics [62-64]. In analogy to this, the suitability of the cone 
calorimeter to study the differences in the combustion behaviour of loose fibrous 
materials is further demonstrated on cotton fibres and fabrics with different FR 
characteristics. To produce FR fibres and fabrics, bleached cotton fibres and fabrics 
were treated with various concentrations (0-300 g/L) of a FR agent. All other 
processing conditions including resin concentration, drying and curing temperatures 
were kept constant. Similar FR concentrations were comparable between fibres and 
fabrics, Table 4.2. An increased concentration of FR agent will increase the 
availability of phosphorous groups and thus alter the combustion behaviour of the 
samples with a possible levelling off at higher concentrations.  
 
Figure 4.13 illustrates that an increased amount of FR agent results in a decrease in 
THR and pK HRR values, with the THR decrease levelling off at the higher FR 
concentrations. This is similar for both the fibres and the fabrics and is in agreement 
of what may be expected for pK HRR values from literature [34], [65] on FR treated 
fabrics. At all FR concentrations, fabrics showed higher THR and pK HRR values than 
the fibres. This might be attributed to the differences in density of the specimens. 
Apart from the THR values for the higher concentration of FR agent (200, 250 and 
300 g/L) on the fibres, all results showed an acceptable reproducibility with CV<13% 
[31]. The similar trend for both the fibres and the fabrics shows the suitability of 
cone calorimetry to test loose fibrous samples. Also the calculated relationship 
between the pK HRR values and the dry pick up of FR on fibres and fabrics is fairly 
linear (R
2
> 0.91 for fibres and R
2
> 0.97 for fabrics) which further demonstrates the 
reliability of the proposed method to determine the differences in combustion 
behaviour of loose fibres. 
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Figure 4.13 pK HRR, THR and associated standard deviations of FR cotton fabrics and fibres 
treated with various concentration of a flame retardant agent. 
 
4.4.5 Comparative Screening of fibres from different cotton lines 
 
The end use of the screening tests is to reliably detect differences in combustion 
behaviour of extremely small amounts of fibrous compounds. In literature cone 
calorimetric parameters such as critical heat flux, pK HRR at zero incident heat flux 
and fire growth index were used to rank fabrics for their potential burning hazard 
[31]. However due to the short ignition times and the limited availability of the 
samples in the present study the comparisons are restricted to the THR and pK HRR 
parameters. The THR and pK HRR are believed to be crucial determinants of 
combustion behaviour for materials [25]. Such parameters can influence the rate of 
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burning and the rate of mass loss and determines whether the surrounding material 
will ignite. The pK HRR can indicate the severity with which a material burns at its 
highest rate of combustion and is used to calculate the fire growth index [31], [67]. 
Thus measurement of these heat release parameters can provide an important first 
indication needed for the research in fibre development process. To further 
demonstrate the capability of the method to detect the differences in combustion 
behaviour of small amounts of fibrous compounds, it was used to test fibres from 
different cotton cultivars. The combustion behaviour of these lines in terms of THR 
and pK HRR have been compared and plotted, together with their standard 
deviations, in Figure 4.14. One-way ANOVA analysis was performed followed by a 
Tukey test as post-hoc on THR and pK HRR values to determine whether the 
obtained differences between different lines are consistent and statistically 
significant ( F: Fisher value, p: Probability). 
 
The ANOVA result indicated significant differences in THR and pK HRR values among 
the cotton lines (FHRR = 27.3, FpK HRR = 49.9, p < 0.05). According to the Tukey test, the 
THR values for line 1, line 2 and line 3 are statistically lower than the values for line 8, 
line 9 and line 10. The differences in THR values among other lines are statistically 
insignificant. Similarly the pK HRR values for line 1 and line 2 are statistically lower 
and for line 9 and line 10 the pK HRR values are significantly higher than other lines. 
The differences in pK HRR values among line 5, line 6, line 7 and line 8 are statistically 
insignificant. However the pK HRR values of the latter group are statistically higher 
than line 3 and line 4. Thus this first screening experiment indeed suggests 
differences in combustion behaviour of cotton fibres from different varieties and the 
optimised methodology can be used to detect these differences.   
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Figure 4.14 pK HRR, THR and associated standard deviations of different cotton lines. 
 
4.5 Conclusion 
 
In this chapter, first, the decomposition of cotton fibres with various maturities is 
examined using TGA. Also the effect of water immersion on thermal behaviour of 
cotton fibres is thoroughly investigated. A clear difference is noted between the 
degradation profile of the water immersed and untreated fibres with low maturity 
ratios. ICP-AES indeed confirmed the effect of water immersion on the major water 
soluble content of the fibre. An inverse correlation is observed between maturity 
ratio and potassium content. Moreover the peak temperature of the first 
degradation step shifts with 20 to 30°C towards lower temperatures with increasing 
potassium content. These differences become less pronounced after water 
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immersion as the water soluble content is removed from the fibres. It means that 
the degradation behaviour of the less mature fibres with a high initial potassium 
content becomes comparable to the behaviour of the more mature fibres with a low 
potassium content. The differences observed can thus be ascribed to the potassium 
or soluble fraction content. In addition it was found that the thermal behaviour of 
cotton fibres is significantly affected by the variations in TGA parameters and the 
impact is much more pronounced for less mature fibres and to a lesser extent for 
more mature ones. This is probably due to the catalytic behaviour of the water 
soluble constituents. In conclusion, the maturity and the water soluble content were 
found to be important factors influencing the thermal behaviour of raw cotton 
fibres. 
 
Next, attempts have been made to determine the heat release parameters of 
extremely small amounts of loose cotton fibres using cone calorimetry. The major 
challenge in obtaining reproducible and reliable cone calorimetric data of these low 
density and thermally thin materials was overcome by varying different testing 
parameters such as sample weight, heat flux and grid type. The suitability of the 
method to study combustion behaviour of loose fibres has been further 
demonstrated using cotton fibres and fabrics treated with different concentrations 
of flame retardant. A similar trend was observed for fibres and fabrics which gives an 
important indication for the feasibility of the method to test loose fibrous samples, 
even within the present limitations of the cone calorimeter technology. The method 
was also used to test a series of cotton fibre cultivars and statistically significant 
differences were observed in terms of THR and pK HRR values. Despite inherent 
limitations of the cone calorimetric method in testing small size specimen, overall, it 
can still be used as a screening tool to provide valuable indications on the differences 
in combustion behaviour for loose fibres in fibre development research.  
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5 
Moisture sorption 
 
 
 
 
 
 
This chapter studies moisture sorption properties of cotton fibres using dynamic 
vapour sorption (DVS). First the sorption behaviour of cotton fibres harvested at 
different stages in their development process is examined using DVS. The moisture 
sorption profiles as well as the hysteresis behaviour are studied for the developing 
cotton fibres. Next, DVS is used as a screening tool for measuring moisture sorption 
properties of various cotton cultivars including naturally coloured cotton fibres. The 
moisture sorption capacity as well as hysteresis behaviour in relation to maturity and 
crystallinity of fibres is extensively studied. Moreover the HH model is used to 
evaluate the sorption kinetics of fibres. 
 
 
Results of this chapter are published in: 
 
Ö. Ceylan, L. Van Landuyt, F. Meuleawater, K. De Clerck. Moisture sorption in 
developing cotton fibres. Cellulose, (2012), 19(5), 1517-1526 
 
Ö. Ceylan, L. Van Landuyt, K. De Clerck. Dynamic moisture sorption behaviour of 
cotton fibres with natural brown pigments. Cellulose, (2014), 21(3), 1149-1161. 
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5.1 Introduction 
 
Cotton fibres are known for their high moisture retention capacity which contributes 
to the high wearing comfort of cotton clothes. However the hydrophilic nature of 
cotton fibres is not desirable for some technical applications such as composites [1]. 
Also physical and mechanical properties of fibres such as density, stiffness, tensile 
modulus are altered by water sorption. This has a profound effect on the dyeing 
behaviour of fibres and the finishing process of textiles [2]. Overall it is clear that 
moisture sorption behaviour is an important parameter for cotton justifying the 
broad research interests [3-7]. With the ongoing trends towards natural resources 
for our growing global needs, it is now even more relevant to gain insights into the 
driving principles of the moisture sorption process to ensure the proper use in the 
future end-applications. 
 
To date most of the moisture sorption data focus on mature or processed fibres 
while much less is known on the moisture sorption behaviour of developing cotton 
fibres. The cotton fibre development process can be divided into four major steps: 
fibre initiation, elongation, secondary wall formation and maturation [8], [9].  During 
these development stages, the important structural changes may lead to significant 
variations in moisture sorption properties of fibres, making this a key parameter to 
be studied. Fibre initiation starts at the day of flowering or anthesis and is followed 
by the elongation phase that continues approximately for three weeks after anthesis. 
During this phase the fibre growth is characterized by the synthesis of primary cell 
wall and an increase in fibre length up to 30-40 mm. Hemicellulose and pectin 
account for 30-50 % of the total sugar content of the elongating fibre [10], [11]. The 
secondary cell wall formation starts around 20 days post anthesis (DPA), continues 
for a period of 3 to 6 weeks and is marked by the deposition of a thick wall. This 
secondary wall consists of almost pure cellulose and thus the pectin and 
hemicellulose content of the fibre decrease to less than 3 % of the total sugar 
content at the end of this cell wall thickening phase. Thus for mature fibres the 
moisture sorption properties are to a large extent dependent on the ratio between 
the cellulose crystalline and the amorphous zones [6], [12]. Yet, to my knowledge, 
the moisture sorption of developing cotton fibres has never been studied. A more 
thorough understanding of this phenomenon is to provide new opportunities to 
improve moisture management properties of cotton fibres by means of plant 
breeding or other fibre modification techniques during growth.    
 
Even although much research is published on the moisture sorption of mature cotton 
fibres [3-7], [13], much less is known on the moisture sorption behaviour of cotton 
cultivars with natural brown pigments. As many commercial and technical 
performance aspects of cotton fibres are influenced by their response towards 
atmospheric humidity, a study on the moisture sorption of these fibres is also of high 
interest. Naturally coloured cotton, comprising fibres with natural pigments, are 
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considered potential eco-friendly materials because they reduce the need for costly 
and harmful textile processes such as bleaching, dyeing, and other finishing 
procedures. Also many qualities of coloured cotton are considered to be insect and 
disease-resistant thus require less pesticide during growth [14]. Other claimed 
properties include poor flammability as a lower limited oxygen index [15]. An 
understanding of the interaction of water with the cotton fibre structure is therefore 
crucial for the interpretation and prediction of the fibre performance in its end-use. 
 
The mechanism of moisture sorption in cellulosic materials is relatively complex [2]. 
Dynamic vapour sorption (DVS) is a well-suited technique to study the moisture 
sorption and the interaction of water molecules with a compound [16]. The 
technique yields highly reproducible data and provides accurate isotherms over a 
wide relative humidity (RH) range [6]. The method has been successfully used to 
study the water sorption of cellulosic materials [6], [17-19]. Although most literature 
is focused on non-fibrous cellulose compounds DVS shows to be promising for 
cellulose fibres as well.  
 
Various models have already been proposed and modified to explain sorption 
isotherms [20-24]. A very useful and simple solid-solution model has been worked 
out in the HH model by Hailwood and Horrobin [25]. This model was originally 
developed to describe sorption properties of cotton and was extensively used to 
investigate the sorption behaviour of fibrous polymers and wood [26-31]. The HH 
model implies the formation of a solid water solution in polymers and fixation of the 
water through the formation of hydrates (monolayer) which are in equilibrium with 
the rest of the water retained on the polymer (polylayer) [32]. The details of the 
model have been described by Skaar [33] and recently by Hill [6].    
 
In the present chapter, first the sorption behaviour of cotton fibres harvested at 
different stages in their development process is examined using DVS. The moisture 
sorption profiles as well as the hysteresis behaviour are studied for the developing 
cotton fibres. Moreover, the sorption kinetics are evaluated using the HH model to 
assess structural changes in developing fibres during growth. The aim is to provide 
valuable insights in the moisture sorption mechanisms of the cotton fibre during the 
development process. 
 
Next the sorption behaviour of fully grown white and naturally coloured fibres of 
different shades is thoroughly examined. The moisture sorption capacity as well as 
the hysteresis behaviour in relation to maturity and crystallinity of the fibres are 
studied extensively. Moreover the HH model is used to evaluate the sorption kinetics 
of the fibres. The relationship between cotton and moisture is vitally important to 
such diverse characteristics as comfort, garment care, tensile strength or fibre matrix 
adhesion in composites. Thus the overall aim is to gain insights in the moisture 
sorption mechanisms of cotton fibres to develop routes that improve or tune the 
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moisture management properties of naturally coloured cotton fibres, as relevant for 
an optimal future material benefit. 
 
5.2 Materials and Methods 
 
5.2.1 Materials 
 
The developing cotton fibre samples were produced by Bayer CropScience N.V. 
(Ghent, Belgium). Cotton cultivar ST457 (Gossypium hirsutum) was grown in a 
greenhouse at 23°C and 15kLux, with a 16h/8h day/night cycle). Flowers were tagged 
at anthesis and a few bolls were harvested at 15, 17, 19, 20, 21, 24, 26, 30, 34, 36, 
39, 41, 51, and 80 days post anthesis (DPA). The pericarp was removed two days 
after harvesting with a scalpel and the cotton fibres were dried during 48 hours at 
50°C prior to further measurements. 
 
White and different shades of naturally brown coloured cotton fibres were also 
supplied by Bayer CropScience N.V. (Ghent, Belgium). The plants were grown in 
similar conditions and harvested when mature. All fibres were used as received, 
without any pre-treatment. Cotton fibre properties were determined by HVI and 
AFIS in Cirad (Montpellier, France). 
 
5.2.2 Methods 
 
5.2.2.1 Dynamic Vapour Sorption 
 
Dynamic Vapour Sorption (DVS) measurements were conducted in a Q-5000SA 
instrument (TA-instruments, Zellik, Belgium). All measurements were performed at  
23°C ± 0.1°C. Deliquescent salts (sodium bromide and potassium chloride) were used 
to verify the humidity of the instrument.  
 
4 mg of cotton fibres, harvested at different stages during their development 
process, were rolled into a small ball and placed in the quartz sample pans. At the 
start of each moisture sorption cycle, the fibres are dried at 0 % RH until the weight 
change is stabilized to be less than 0,05 % for a period of 15 minutes. After the 
stabilization, the moisture sorption cycle was started and the humidity was increased 
stepwise, with steps of 10 % RH from 5 % till 95 %. The desorption isotherm, from 95 
% till 5 % was recorded as well. At every RH, the equilibrium moisture concentration 
(EMC) is monitored after reaching equilibrium, or thus when the weight change is 
less than 0.05 % over a time period of 15 minutes. The % CV on the EMC-values is 
between 1.5 and 2.5% for all experiments.  
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5.2.2.2 HH model 
 
According to the HH model the total moisture content of material at any humidity 
during sorption can be calculated by the equation below [6]: 
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where M is the equilibrium moisture content, h is the % relative humidity, Mh is the 
% moisture content of the monolayer adsorption, Md is the % moisture content of 
the polylayer adsorption, K1 is the equilibrium constant of monolayer water, K2 is 
the equilibrium constant of polylayer water, and W is the molecular weight of the 
cell wall polymer per sorption site. The values of K1, K2 , and W are determined by 
plotting h/M against H with a polynomial equation: 
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where A, B, C are regression coefficients and linked to K1, K2, and W values by the 
following relationships using linear least square method: 
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5.2.2.3 Hysteresis 
 
The total hysteresis value was calculated by subtracting the area under the 
normalized sorption curve from the area under the normalized desorption curve 
using Microcal Origin 6.0 software (Microcal Software, Inc., Northampton, MA, USA). 
The degree of hysteresis was calculated using the equation below [2]:  
 
                                                                (5.7) 
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5.2.2.4 FT-IR measurements 
 
A Spectrum GX (Perkin-Elmer, MA, USA) equipped with a DRIFT accessory was used 
to record the FT-IR spectra of the developing cotton fibres. All spectra were collected 
at a spectrum resolution of 4 cm
-1
, with 16 scans over a range from 4000 to 400 cm
-1
.  
A standard mid-IR DTGS detector was used. 
 
5.2.2.5 Colour measurements 
 
UV–vis spectra of fibres were recorded with a Perkin–Elmer Lambda 900 
spectrophotometer, which is a double-beam spectrophotometer. For the reflection 
measurements on fibres an integrated sphere (Spectralon Labsphere 150 mm) was 
used. The spectra were recorded from 380 to 780 nm with a data interval of 5 nm. 
 
The CIE Lab values were calculated based on the measured reflectance spectra using 
OPTI-LAB software for D65 illumination and a 2
o
 observer. The colour differences 
(ΔE*) of the naturally coloured cotton lines compared to a reference white fibre 
were calculated according to [34]: 
 
                               (5.8) 
 
where L*, a* and b* are the lightness, green–red coordinate and blue–yellow 
coordinate, respectively. 
 
5.2.2.6 X-ray diffraction 
 
The X-ray diffraction (XRD) patterns were measured for raw cotton fibres with an X-
ray diffractometer (Thermo Fisher Scientific Inc, Waltham MA, USA) using CuKα 
radiation (λ = 1.5406 Å) at 40 kW and 20 mA. Scattered radiation was detected in the 
range of 2θ = 5-40
o
, at a scan rate of 2
o
/min. The crystallinity index (CI) was 
calculated by the equation below [34]: 
 
      (  
   
    
)         (5.9) 
 
where I200 is the intensity of the 200 peak (2θ = 22.6
o
) and Iam is the intensity 
minimum between the 200 and 110 peaks (2θ = 18
o
). I200 represents both 
crystalline and amorphous material while Iam represents the amorphous material. 
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5.3 Moisture sorption in developing cotton fibres 
 
5.3.1 Sorption isotherms of cotton fibres 
 
The response of the fibre samples to a step change in relative humidity in the sample 
chamber produces an asymptotic curve when plotted as moisture content against 
time, Figure 5.1(a). When exposed to an atmosphere at constant relative humidity 
for an infinite time, the cell wall of the fibre has an associated moisture content 
which is in equilibrium with the atmosphere. The moisture content at this point, 
where the dynamic equilibrium occurs, is referred to as the equilibrium moisture 
content (EMC) [41]. The EMC value at each interval is plotted against the relative 
humidity to draw the equilibrium isotherm shown in Figure 5.1(b). 
 
 
Figure 5.1 Change in moisture content as a function of time (a) and equilibrium moisture 
content as a function of relative humidity (b) for cotton fibres. 
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5.3.2 Shape of the Sorption Curves 
 
The sorption curves for the most immature fibre (15 DPA) and a complete mature 
fibre (80 DPA) are shown in Figure 5.2. For the mature fibres, an S-shape curve with a 
typical hysteresis is obtained similar to the curve shapes of other mature natural 
fibres [6], [12]. According to IUPAC classification, this is a type II-isotherm that 
describes the adsorption on macro-porous and non-porous adsorbents with strong 
adsorbate-adsorbent interactions [35]. The isotherm shape for the 15 DPA fibres is 
clearly different with it showing a rather type III isotherm that describes the 
adsorption on macro-porous and non-porous adsorbents with weak interactions 
according to IUPAC classification. A very steep slope especially at the higher RHs is 
observed and a correspondingly very low hysteresis was detected. With increasing 
maturity the shape of the isotherm is gradually changing from a type III into a type II-
isotherm (data not shown). 
 
 
Figure 5.2 Moisture content (%) as a function of the relative humidity (%) for (a) elongating (15 
DPA) and (b) mature (80 DPA) cotton fibres. 
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5.3.3 Sorption Capacity 
 
The EMC at 95 % RH of all tested fibres is plotted as a function of DPA in Figure 5.3. 
EMC-plots at other values of % RH lead to similar curves (not shown). 
 
 
Figure 5.3 Equilibrium moisture content (EMC) at 95 % RH for developing cotton fibres (15 to 80 
DPA). 
 
Figure 5.3 reveals considerable differences in sorption capacity during the fibre 
development. An EMC-value of about 60 % is observed for the lowest DPA-value. 
During the transition phase (around 17-21 DPA) in which the latest stage of 
elongation overlaps with the start of secondary wall synthesis a strong linear 
decrease in EMC is noted. At 24 to 26 DPA a knick-point is observed in the decreasing 
EMC trend with a less steep decrease in EMC continuing till full maturity. This can be 
attributed to the structural and compositional changes in cotton fibres during their 
maturation process. At the early stages only primary cell wall is present and the 
fibres also display no individual fibre integrity [36]. Hence the relative surface area of 
those immature fibres is large compared to the mature fibres. The immature fibres 
contain next to 15-20 % cellulose, also pectins, hemicelluloses and proteins [6]. Once 
the elongation phase of the fibre is passed, the amount of cellulose increases quickly 
[11], [36] and exceeds very fast the quantity of non-cellulosic material, in line with 
the sharp transition point in EMC value. After 25 DPA, the fibres appear as single 
entities, from which the secondary wall is systematically thickening [38]. The relative 
amount of surface area is still slightly reduced and as such the accessibility of water 
to the fibre decreases.  
 
The transition phase between primary cell wall synthesis and secondary cell wall 
synthesis can also be determined using FT-IR [10], [39]. Significant differences were 
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observed between the IR-spectrum of cotton fibres at the early stages of 
development and the fully developed ones. Spectra of the developing fibres show 
additional band at 1733 cm
-1
 due to C=O stretching, that are not originating from the 
cellulose but from the components of the primary cell wall such as waxes, pectins, 
hemicelluloses and proteins [40]. Figure 5.4 plots the intensity of this band as a 
function of DPA. 
 
 
Figure 5.4 The intensity of the C=O stretch vibration (1733 cm-1) in normalized FT-IR spectra for 
developing cotton fibres. 
 
For the most immature fibres, the intensity of the C=O peak is relatively high. 
However, this intensity strongly decreases with increasing DPA. Again a knick point is 
observed around 24-26 DPA, after which a less obvious decrease in C=O peak 
intensity is observed. This is in line with the high non-cellulosic content during the 
fibre elongation process and a typical strong increase in cellulose content once the 
cell wall thickening is started leading to a decrease in the presence of esters and 
amides.   The shape of this curve is in line with the shape of the EMC curves in Figure 
5.3, underpinning the effect of the chemical composition of the fibre during 
maturation on the dynamic sorption behaviour of the developing cotton fibres. 
 
5.3.4 Monolayer and Polylayer Moisture Content 
 
Moisture sorption data were analysed by fitting the experimental data using the HH 
model [25]. The HH model considers the formation of an ideal solid solution with 
three species in equilibrium (unhydrated polymer, hydrated polymer (hydration 
water) and dissolution water (polylayer water)).  
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The regression coefficients A, B, C and values of K1, K2, and W for developing cotton 
fibres were calculated using the equations (5.4), (5.5) and (5.6) by linear least square 
method and are shown in Table 5.1. The physical constants K1, K2, and W obtained 
for the most mature fibre are in agreement with those previously reported [6]. 
 
Table 5.1 Hailwood and Horrobin fitting parameters for developing cotton fibres 
DPA A B C (*10
-3
)
 
K1 K2 W 
15 13.142 -0.122 0.001 0.0001 0.930 220 
17 12.943 -0.096 0.224 0.20 0.930 260 
19 13.563 -0.083 0.393 0.34 0.928 302 
20 13.390 -0.068 0.519 0.45 0.929 324 
21 12.272 0.0276 1.34 1.24 0.938 464 
24 12.591 0.0458 1.45 1.40 0.910 494 
25 10.434 0.0885 1.64 1.95 0.893 495 
30 10.401 0.1079 1.84 2.14 0.909 535 
34 8.740 0.1414 1.90 2.85 0.875 530 
36 7.757 0.1579 2.00 3.30 0.885 531 
39 7.881 0.1651 1.93 3.50 0.837 535 
41 7.770 0.1651 1.90 3.50 0.849 535 
51 3.844 0.2720 2.53 9.50 0.832 605 
80 2.693 0.2950 2.58 14.50 0.812 611 
 
The experimental and calculated equilibrium moisture content values are plotted as 
a function of the RH in Figure 5.5. The degree of fit with the experimental sorption 
isotherms is very good, as clear from the high coefficient of determination values 
(>0.95). Below 25 DPA polylayer adsorption is dominant for the entire RH range 
while for the more mature fibres the polylayer adsorption is lower than monolayer 
adsorption in the low RH range but becomes dominant again above 40-50 % RH. 
 
The shape of the calculated monolayer adsorption curve resembles a IUPAC type I 
isotherm which approaches a limiting value and usually describes adsorption on 
micro-porous adsorbents [35] while the polylayer adsorption curve resembles a 
IUPAC type III isotherm which corresponds to weak adsorbate-adsorbent 
interactions. Immature fibres show an IUPAC type III isotherm thus mainly polylayer 
adsorption as also confirmed by the model. In the early stages of the development 
process (below 25 DPA), the fibres consist of mainly hemicellulose and other 
impurities rather than cellulose that are more hygroscopic and have a relatively high 
surface area. Thus the amount of water absorbed in the form of polylayer is higher 
and the interaction of polymer with water is weak for these fibres. The fraction of 
monolayer adsorption in the total sorption is increasing with increasing DPA, 
whereas the extent of polylayer adsorption is correspondingly decreasing, Figure 5.6. 
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Figure 5.5 Sorption isotherms and deconvoluted monolayer and polylayer curves generated by 
fitting the experimental data of selected developing fibres (a) 15 DPA, (b) 21 DPA, (c) 30 DPA, (d) 
41 DPA, (e) 51 DPA, (f) 80 DPA.   
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Again the distinct decrease in polylayer and concomitant increase in monolayer for 
the low DPA-values, changes towards a more subtle variation for the DPA-values 
above 25. The total sorption curve of mature fibres resembles a IUPAC type II 
isotherm that describes the adsorption on macro-porous and non-porous adsorbents 
with strong adsorbate-adsorbent interactions. The model shows the type II isotherm 
which is a combination of IUPAC type I and type III isotherms. At low RH´s monolayer 
water formation is dominant due to possible strong interactions with cellulose. Once 
all available sites are occupied, the monolayer water formation reaches an 
asymptote and thus polylayer water formation becomes dominant again. For these 
fibres polylayer adsorption can be attributed to water formation in the cell wall 
capillaries. Again the substantial differences in monolayer and polylayer adsorption 
values for developing cotton fibres further confirm structural changes associated 
with the formation of cellulose in the fibre. 
 
 
 
Figure 5.6 Equilibrium moisture content (EMC) values of developing cotton fibres for monolayer 
and polylayer adsorption. 
 
5.3.5 Hysteresis of the Sorption Isotherms 
 
The equilibrium moisture isotherms for mature fibres (Figure 5.2(b)) show a distinct 
hysteresis between the sorption and desorption cycles, indicating structural changes 
in the fibres due to interactions with water. Earlier literature suggested hysteresis to 
arise due to the failure to establish a true equilibrium condition during experiments. 
However, more recent literature conclusively showed that hysteresis is a real 
phenomenon and not an experimental or sample artefact [41]. This was confirmed 
for the present mature fibre samples. Hysteresis is linked to the ability of the matrix 
to deform in response to the adsorption or desorption of water molecules into or out 
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of the glassy materials. This glassy state of material is favoured by matrix cross 
linking that reduces the flexibility of the macromolecules [42], [43]. For these 
materials during sorption, the incoming water molecules cause the opening of the 
nanopores, resulting in the creation of new internal surfaces. On desorption, 
however, there is a time lag between the departing of water molecules and the 
rearrangement of the matrix to its original configuration. Thus below the glass 
transition temperature, sorption and desorption occur in different physical 
environments [41]. 
 
The total hysteresis as characterized by the total area of the normalized isotherm 
loops is substantially higher for mature fibres compared to immature fibres, Figure 5. 
7. The transition zone in total hysteresis between mature and immature fibres is in 
line with the EMC curves and the HH model fitting results. The higher hysteresis of 
mature fibres can be attributed to the strong interactions between cellulose and 
water (monolayer) as confirmed by the model. The lower hysteresis of immature 
fibres is related to the weaker interactions of their hydrophilic sites with water 
(polylayer), and thus smaller structural changes due to moisture sorption [44]. 
  
 
Figure 5.7 Total hysteresis for the developing cotton fibres. 
 
In addition to the evaluation of the total hysteresis the degree of hysteresis was also 
studied to determine the extent of structural change during the sorption process. 
The degree of hysteresis is calculated using equation (5.6) and is plotted as a 
function of RH for some typical DPA values, Figure 5.8. For a DPA below 21 the 
degree of hysteresis remains below 5 % for the entire studied RH region. For the 
more mature fibres (well above 25 DPA) the degree of hysteresis reaches values of 
almost 20 % for all studied RH´s. However for the fibres collected around 21-25 DPA, 
the degree of hysteresis is gradually increasing, at first only at the low RH´s but with 
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increasing DPA also for the high RH´s. The extent of hysteresis is mainly influenced by 
the composition of cellulosic materials due to the structural and conformational 
rearrangements, which can change the accessibility of sorption sites [45]. Also 
absorption of water is known to decrease the glass transition temperature of 
cellulose [46], [47]. Although the glass transition of cotton fibres cannot be easily 
identified due to the high crystallinity, it is believed to decrease to room 
temperature at a RH above 75 % [48], [49]. For immature fibres the decrease in glass 
transition may be at lower RH´s because of the lower crystallinity and lower cellulose 
content. 
 
 
Figure 5.8 Total hysteresis for the developing cotton fibres. 
 
This is in line with the results of the HH model fitting. The monolayer sorption is 
more dominant with increasing DPA values at the low RH`s first and thus resulting in 
a gradual increase in degree of hysteresis from the low RH side onwards.  
 
For developing cotton fibres it can generally be concluded that the amount of 
absorbed water is closely related to the chemical composition of the fibre and the % 
hysteresis is dependent on the cellulose content of the developing fibres. Next 
sorption behaviour of fully grown white and naturally coloured fibres is examined 
using DVS.  
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5.4 Moisture sorption in cotton fibres with natural brown 
pigments 
 
5.4.1 Sorption isotherms of cotton fibres with natural brown pigments 
 
Focus can now be given to the study on the moisture sorption behaviour of mature 
cotton fibres of various shades. A thorough understanding on this phenomenon is 
indeed essential to provide new opportunities to tailor moisture management 
properties of cotton fibres by means of plant breeding or other fibre modification 
techniques during growth. The sorption curves for the two selected fibres of 
different shades (white and dark brown) are shown in Figure 5.9. 
 
 
Figure 5.9 Moisture content (%) as a function of the relative humidity (%) for (a) white and (b) 
dark brown cotton fibres. 
 
118 
 
 
 
 
 
 
 
 
Although there is a significant difference in the total amount of moisture present in 
different samples at a given relative humidity (RH), all of the cotton fibres under 
investigation exhibit an S-shape curve with a distinct hysteresis [2], [6], [12]. This 
finding is in line with our previous part on developing cotton fibres in which indeed 
fully grown fibres show a type II-isotherm according to IUPAC classification, which 
describes the adsorption on macro-porous and non-porous adsorbents with strong 
adsorbate-adsorbent interactions [35]. Many factors influence the moisture sorption 
properties of cotton fibres, of which OH accessibility is a significant component [50]. 
Thus the structural properties of fibres which may affect the availability and 
accessibility of OH groups are to be looked at. This is done by studying both the 
effect of maturity and crystallinity. 
 
5.4.2 Effect of maturity and crystallinity index on sorption capacity 
and hysteresis 
 
Table 5.2 lists the EMC at 95 % RH and the total hysteresis for all studied fibres. In 
addition the colour difference (∆E), the maturity data measured by HVI (micronaire) 
and AFIS (maturity ratio) as well as the crystallinity index are given for each fibre 
type. The samples provide a range of maturity and crystallinity index values. The 
micronaire and maturity ratio ranged from 2.14 to 5.6 and 0.68 to 0.85 respectively, 
while the crystallinity index varied between 61 % to 81 %.   
 
The adsorbed water in the dark brown, brown, beige and white fibres produced an 
average EMC of 21.7 %, 20.4 %, 19.3 %, and 17.8 % respectively, at the highest RH of 
95%. The EMC of white cotton fibres is noticeably lower than those of the naturally 
coloured cotton fibres. This may be explained by the differences in maturity and 
crystallinity index values of the fibres. The maturity and crystallinity index values 
tend to decrease with increasing colour, Figure 5.10(a-b-c), meaning naturally 
coloured cotton fibres have a less developed structure compared to white fibres. A 
cotton fibre is composed of a primary wall, a winding layer and a secondary wall with 
a closely packed parallel micro fibril arrangement [51], [52]. A less developed 
structure for cotton fibres corresponds to a lower degree of secondary cell wall 
development thus higher quantities of non-cellulosic primary cell wall components 
per unit of mass [53]. This results in a loose and more open arrangement of micro 
fibrils thus a higher number of accessible OH groups per unit volume. As cotton fibre 
absorbs water, it increases in volume to accommodate the water molecules. This 
dimensional change of the cell wall involves expansion of the non-cellulosic matrix in 
which the micro fibrils are embedded. The EMC of the fibres at any given RH is thus 
closely related to the pressure exerted upon the matrix by the cell wall [17]. 
Therefore less mature cotton fibres having a less dense non-cellulosic matrix exhibit 
higher levels of sorption, as confirmed by the inverse correlations observed between 
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colour, maturity and crystallinity index data versus EMC at 95 % RH, Figure 5.10(c-d-
e). 
 
Table 5.2 EMC at 95 %, hysteresis, micronaire, maturity ratio, and crystallinity index 
data of studied cotton fibres ranked according to the variation in shade (∆E 
calculated using Line 20 as reference) 
Variety EMC 95% Hysteresis ∆E Colour Micronaire Maturity Ratio Crystallinity(%) 
Line 1 21.1 121.8 36.9 
Dark 
Brown 
2.5 0.72 69.9 
Line 2 21.2 127.9 36.0 
Dark 
Brown 
2.3 0.70 68.0 
Line 3 22.7 191.6 33.1 
Dark 
Brown 
2.3 0.71 61.2 
Line 4 22.0 125.9 32.6 
Dark 
Brown 
2.2 0.71 71.2 
Line 5 18.8 138.6 31.1 
Dark 
Brown 
2.7 0.75 77.0 
Line 6 24.3 136.3 30.9 
Dark 
Brown 
2.1 0.68 65.2 
Line 7 22.8 182.2 28.6 Brown 2.2 0.72 62.5 
Line 8 20.8 149.2 28.5 Brown 2.4 0.69 71.6 
Line 9 20.4 147.6 27.7 Brown 2.3 0.73 70.0 
Line 10 20.0 106.2 25.6 Brown 2.5 0.73 77.5 
Line 11 17.8 123.6 21.9 Brown 4.0 0.85 79.3 
Line 12 20.7 158.4 21.7 Brown 3.7 0.83 69.0 
Line 13 20.1 93.7 20.0 Beige 2.8 0.72 77.5 
Line 14 16.7 111.3 16.0 Beige 4.9 0.79 81.3 
Line 15 22.7 93.9 14.0 Beige 2.3 0.71 76.0 
Line 16 17.7 116.1 9.9 Beige 3.9 0.81 78.9 
Line 17 17.2 79.7 4.8 White 3.0 0.81 80.7 
Line 18 20.2 114.3 2.2 White 4.0 0.79 76.3 
Line 19 16.9 113 1.8 White 5.6 0.88 80.3 
Line 20 16.9 92.4 0 White 4.1 0.84 81.2 
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Figure 5.10 Combined plots of micronaire, maturity ratio, crystallinity index versus colour 
difference (∆E) (a-b-c) and EMC at 95 % RH (d-e-f) for cotton fibres of different shades. 
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In line with the results in Table 5.1 and Figure 5.10, previous literature also 
suggested differences in the main constituents of coloured cotton fibres [34], [54]. 
The content of constituents was not obviously distinct among the varieties with 
same colour, but significantly different among different fibre colour types. The wax 
content of white fibres was the lowest and increased with colour depth with the 
highest wax content for the dark brown fibres [55]. Moreover the coloured cotton 
fibres have higher amounts of low crystalline non-cellulosic matrix than the white 
fibres [54]. The cellulose content of white cotton on the other hand was found to be 
the highest, while that of dark brown cotton was significantly lower than white one. 
The relatively lower amount of cellulose is assigned to the presence of flavonoid 
pigments. The carbohydrates which could have been used for cellulose synthesis 
may have been consumed in the synthesis of flavonoid pigments [34], [56]. Thus an 
increase in colour (increasing ∆E) may lead to a decrease in maturity and crystallinity 
index and thus a concomitant increase in EMC at 95 % RH as shown in Figure 5.10(a). 
 
Apart from differences in the sorption capacity, there were also differences in the 
hysteresis behaviour of the fibres. The dark brown and the brown fibres exhibit the 
highest values of total hysteresis and the white and beige ones the lowest values. 
These differences in the overall sorption hysteresis may be explained by the 
variations in the structural deformation of the cell wall during sorption. As presented 
in Table 5.1, the crystallinity index, and thus the internal stability, of the dark brown 
and the brown fibres is lower compared to the beige and white fibres. Therefore the 
extent of sorption and cell wall deformation would be greater for dark brown and 
brown fibres. An inverse correlation, Figure 5.11(a), is evident between the total 
hysteresis and the crystallinity index data of the fibres. This is in line with the results 
reported on the moisture sorption of cellulose powders with varying crystallinity 
[57]. The correlation between the maturity and hysteresis data, Figure 5.11(b-c), is 
much less explicit. This suggests the ability of moisture to penetrate the structure 
and cause a deformation of the internal surfaces is more related to the degree of 
crystallinity than to the maturity [57]. As to further assess the effect of the structural 
differences on the sorption behaviour of cotton fibres, the sorption kinetics are to be 
looked at as well. 
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Figure 5.11 Combined plots of crystallinity index (a), micronaire (b) and maturity ratio (c) versus 
total hysteresis for cotton fibres of different shades.  
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5.4.3 Sorption kinetics 
 
Increasing the RH in each step of the sorption cycle results in a new equilibrium 
condition within a specific time period for every sample. Dividing the increment or 
decrement of the moisture content at any RH by the time taken to reach the new 
EMC gives the sorption rate of materials [12]. The sorption rate of all studied cotton 
fibres displayed a “w” shape, Figure 5.12, meaning that the fibres exhibited relatively 
higher sorption rates at both low and high RH ranges than in the middle RH range 
during the sorption process. This is similar to other cellulosic materials [17]. At the 
highest RH, fibres of all shades showed a similar increase in sorption rates, although 
the rise for dark brown and brown fibres was relatively higher than other fibres. At 
the lower end of the hygroscopic range, however, the differences in sorption rates 
were more pronounced, being highest for dark brown, relatively lower for brown, 
and lowest for beige and white fibres. The lower sorption rate of the white and beige 
fibres can mainly be attributed to their higher cellulose content with a high degree of 
crystallinity. This together with the low level of non-cellulosic constituents indeed 
limits the availability and accessibility of OH groups per unit volume. For dark brown 
and brown fibres on the other hand, a high proportion of non-cellulosics and the less 
crystalline cellulose content results in a loose and more open arrangements of the 
micro fibrils thus a more accessible structure for moisture sorption. The differences 
in sorption behaviour are further examined using the HH model.     
 
As previously explained, the HH model allows separating the total moisture content 
into a monolayer water and a polylayer water. An optimal fit between the 
experimental and calculated equilibrium moisture content values are aimed for, 
Figure 5.13. Although this figure illustrates only some selected lines, the degree of fit 
with the experimental sorption isotherms is very good for all fibres under 
investigation, as clear from the high coefficient of determination values (>0.95). At 
low RH´s monolayer water formation is dominant for all fibres due to possible 
interactions with available OH groups in agreement to the results in section 5.3.4 for 
mature fibres. Once all available sites are occupied, the monolayer water formation 
reaches an asymptote and thereafter polylayer water formation becomes dominant. 
The relationship between colour differences, maturity, crystallinity index data of the 
fibres and the total moisture content associated with monolayer and polylayer 
sorption is analysed in Figure 5.14. 
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Figure 5.12 Sorption rate within a set of RH during sorption process selected cotton fibres of 
different shades (Line 3 and 6 Dark Brown, Line 9 and 12 Brown, Line 14 and 16 Beige, Line 17 
and 20 White). 
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Figure 5.13 The monolayer, polylayer and total sorption calculated using the HH model, through 
the relative humidity run compared to the experimental moisture content (data) for selected 
cotton fibres of different shades (a) Line 1, (b) Line 7, (c) Line 13, (d) Line 20. 
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In general both monolayer and polylayer sorption are decreasing with increasing 
maturity and crystallinity index values. The decreasing trend in polylayer sorption is 
observed through the entire maturity, Figure 5.14(e-f), as well as crystallinity index 
range, Figure 5.14(g), and is likely to be less dependent on colour differences, Figure 
5.14(h). Polylayer sorption is mainly associated with the water formation in the cell 
wall capillaries. Also fibres with low maturity have a higher polylayer sorption as the 
amount of low crystalline non-cellulosic constituent that are more hygroscopic and 
have a relatively high surface area will be higher in the fibre composition. The 
monolayer sorption on the other hand is most closely related to the crystallinity 
index, Figure 5.14(c) and, to a lesser extent, to the maturity of the fibres, Figure 
5.14(a-b). The amount of monolayer sorption is dependent on the variations in water 
binding sites of the fibres which are presumably related to the different types of 
external or internal surfaces as well as the proportion of amorphous and crystalline 
regions [44]. It is well known that cellulose as found in cotton is highly crystalline and 
therefore not accessible to water due to hydrogen bonds between cellulose 
molecules in the crystalline form [33]. Thus moisture sorption mainly occurs in 
amorphous regions and at the surface of crystalline regions [58], [59]. With 
decreasing crystallinity index, therefore the accessible fraction of cotton fibre will 
increase and result in a higher water sorption into the fibre structure.  
 
Noteworthy is the difference in monolayer sorption of the cotton fibres of different 
shades as presented in Figure5.14 (d). A substantial increase is observed with 
increasing colour difference for dark brown and brown fibres while no significant 
variation is noted for white and beige fibres in monolayer sorption. This can be 
attributed to the differences in availability and accessibility of OH groups in the 
fibres. As white and beige fibres have a better developed structure the number of 
accessible OH groups is lower compared to dark brown and brown fibres. Possibly a 
large enough variation is needed to obtain a difference in monolayer sorption thus 
showing no difference between the white and beige samples but yet a difference 
between the brown and dark brown fibres. Also interactions between the pigments 
in coloured fibres and moisture may partly cause the difference in monolayer 
sorption although these pigments are essentially unknown [54].  
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Figure 5.14 Monolayer and polylayer water content at 95 % RH calculated using the HH model 
as a function of, micronaire, maturity ratio, crystallinity index and colour difference. 
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The total hysteresis is substantially higher for fibres with a higher monolayer 
sorption namely dark brown and brown fibres, Figure 5.15. The extent of hysteresis 
is mainly influenced by the composition of cellulosic materials due to the structural 
and conformational rearrangements, which can change the accessibility of sorption 
sites [45]. The higher hysteresis behaviour of fibres with a higher monolayer sorption 
can thus be attributed to the higher accessibility and relatively stronger interactions 
between fibre and water in monolayer sorption. Yet such relation was less evident 
for polylayer sorption probably due to the weaker interactions with hydrophilic sites. 
These results are in agreement with previous literature on developing cotton fibres 
where it was stated that an increase in monolayer sorption results in a gradual 
increase in degree of hysteresis.  
 
 
Figure 5.15 Total monolayer and polylayer sorption calculated using the HH model as a function 
of total hysteresis. 
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5.5 Conclusion 
 
Dynamic vapour sorption can be used to gain valuable information concerning the 
sorption behaviour cotton fibres. In this chapter, first, moisture sorption isotherms 
for cotton fibres (Gossypium hirsutum) were obtained through DVS during their 
development stages. The moisture sorption behaviour of the developing fibres can 
clearly be split up into two distinct stages. A first stage till 17-21 DPA, in which there 
is the elongation of the fibres and a second stage above 21-25 DPA in which the 
secondary wall is developed. 
 
In the first stage, hemicelluloses, pectins, proteins and a relatively small amount of 
cellulose are present and the secondary wall of the fibre is not developed yet. In 
these early stages the moisture sorption is extremely high compared to the one of 
the fully mature cotton fibres and shows a preference for polylayer water 
adsorption. This is probably due the hygroscopic nature of the fibre components at 
this stage and the relative large total surface area of immature fibres. On the 
contrary the % hysteresis (from 25% RH till 95% RH) is very low. 
 
The second stage is ranging from 25 DPA till the end of the development process.  In 
this stage, the secondary cell wall is formed with a high production of cellulose. The 
cellulose content increases substantially as a function of the DPA and the fibres 
become more rigid. The maximum absorbance capacity is lower compared to the 
early stages and can be attributed to the low fraction of proteins, pectins and 
hemicelluloses and also the reduction of relative surface area. The sorption 
isotherms showed a greater hysteresis effect when the fibres are over 25 DPA. Once 
a sufficient amount of cellulose is present, the typical sigmoidal curve is obtained 
and the hysteresis level remains almost constant till full maturity.  
 
Generally it can be concluded that the amount of absorbed water in developing 
cotton fibres is closely related to the chemical composition of the fibre and the % 
hysteresis is dependent on the cellulose content of the developing fibres. 
 
Next the sorption behaviour of fully grown white and naturally coloured fibres of 
different shades is examined using DVS. Significant differences were observed in 
sorption capacity and sorption rate as well as hysteresis behaviour of cotton fibres 
with different shades. It is likely that the differences in sorption capacity are closely 
related to the maturity and crystallinity index of the fibres while the variations in 
hysteresis behaviour are mainly attributed to the differences in crystallinity index.  
 
The sorption rate of all studied cotton fibres displayed a “w” shape similar to other 
cellulosic materials. Especially at the lower end of the hygroscopic range, fibres 
exhibited significant differences in sorption rates, being highest for dark brown, 
relatively lower for brown, and lowest for beige and white fibres. The lower sorption 
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rate of the white and beige fibres is attributed to their higher cellulose content with 
a high degree of crystallinity. 
 
The HH model was used to accurately fit the experimental measurements. The 
sorption kinetics resulting from curve fitting showed noticeable differences in 
monolayer and polylayer sorption of the studied cotton fibres. The monolayer 
sorption was found to be most closely related to the crystallinity index and, to a 
lesser extent, to the maturity of the fibres. A substantial increase in monolayer 
sorption is observed with increasing colour difference for dark brown and brown 
fibres which is attributed to the higher availability and accessibility of OH groups in 
these fibres. On the other hand a general decreasing trend in polylayer sorption was 
noted with increasing maturity and crystallinity index values. Yet polylayer sorption 
was less dependent on colour differences. Also a more noticeable relationship was 
found between the total hysteresis and the monolayer sorption most likely due to 
relatively stronger interactions between fibre and water in monolayer sorption.    
 
This study provides valuable insights into the driving principles of the moisture 
sorption process of cotton fibres which may aid to develop ways to improve the 
moisture management properties in general. These improvements can lead to future 
areas of application for cotton fibres such as composites due to the increasing 
demand on renewable sources, recyclability or biodegradability. 
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6 
Concluding remarks and 
perspectives  
 
 
 
 
 
 
This chapter summarizes the main conclusions of this PhD dissertation and highlights 
the potential future perspectives.  
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Cotton has been the premium natural fibre for textiles and related products for 
many centuries thanks to its excellent qualities. Besides the traditional use in 
clothing, cotton also fits in today’s challenge to search for biopolymers or 
composites based on sustainable resources. However, cotton fibre productivity has 
reached a plateau in recent decades. Moreover, especially after breakthroughs in 
polymer technology, there is an intense competition from synthetic fibres. To remain 
competitive on the market further improvements in several fibre qualities including 
strength, length, thermal properties, moisture management and chemical reactivity 
are desirable. 
 
Cotton biotechnology is regarded as an important tool to improve the economics of 
cotton production as well as the physical and biochemical properties of the fibre. 
Although the overall progress is still in its earliest stages of development, the initial 
results show a great potential to alter physical and biochemical properties of the 
fibre. One of the major challenges in this field is, however, the lack of the knowledge 
needed to select and optimize the fibre properties that create cotton which is well-
tuned and designed for demanding end applications. Thus this PhD focused on 
studying the selected fibre properties on small fibrous samples to underpin 
development routes that improve or tune cotton fibres in general, as relevant for an 
optimal future material benefit. This also involved the development of small scale 
test methods which are utmost important in fibre development research for the 
selection of novel fibre types with the best performance. 
 
A spectrophotometric method based on the absorption of CI Acid Orange 7 dye was 
extensively studied for the detection of differences in dyeability/reactivity between 
bioengineered fibres and their respective control lines. This required an optimization 
study for the several processing parameters of the method such as dyeing time, pH, 
dye and wetting agent concentration. The method was validated using two well-
established techniques for nitrogen analysis. However the Acid Orange 7 method 
showed the highest sensitivity and reproducibility compared to other methods. An 
additional advantage of the spectrophotometric method was that, by being a wet-
state technique, it could simulate large-scale textile processes and provide 
fundamental information on the wet-state properties of the cotton fibres. 
 
In addition to CI Acid Orange 7, a wide range of industrial dyes have been studied to 
improve the understanding of the relationship between the established method and 
the final improved dyeability of cotton fibres. The spectrophotometric method was 
successfully extended to use a broader range of dyes such as reactive and direct dyes 
which are more appropriate for cotton fibres. The differences observed in 
exhaustion values of bioengineered lines and their controls were found to be larger 
than the possible impact of micronaire on the exhaustion values. The incorporated 
groups in bioengineered fibres show a potential to increase the efficiency of dyeing 
processes for all tested dyes. 
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To obtain a better insight into the effect of the fibre structure and composition on 
the thermal degradation, an in-depth thermogravimetric study on cotton fibres is 
performed. The decomposition of cotton fibres with various maturities and, in 
relation to this, the effect of water immersion on thermal behaviour of cotton fibres 
was thoroughly investigated using TGA. The maturity and the water soluble content 
were found to be important factors influencing the thermal behaviour of raw cotton 
fibres. In addition it was found that the thermal behaviour of cotton fibres is 
significantly affected by the variations in TGA parameters and the impact is much 
more pronounced for less mature fibres and to a lesser extent for more mature ones.  
 
Also an initial investigation was conducted into the use of cone calorimeter as a 
screening tool for measuring the heat release parameters of fibrous cotton samples. 
Despite inherent limitations of the technique to test thermally thin and extremely 
low weight loose fibre specimens, accurate, precise and reproducible cone 
calorimetric data could be obtained. This was achieved by modifying different testing 
parameters such as sample weight, heat flux and grid type. The capability of the 
method to test loose fibres was further demonstrated using fibres and fabrics 
treated with different concentrations of flame retardants. The method was finally 
used to screen heat release properties of a series of cotton fibre cultivars, and 
statistically significant differences were observed. 
 
As many commercial and technical performance aspects of cotton fibres are 
influenced by their response towards atmospheric humidity, an in-depth research on 
moisture sorption behaviour of developing cotton fibres was conducted. DVS was 
successfully used to gain valuable information concerning the structure and cell wall 
composition of cotton fibres during their development. The moisture sorption and 
hysteresis behaviour of the developing fibres was clearly split up into two distinct 
stages. The first stage was till 17-21 DPA, in which there is the elongation of the 
fibres. In this stage the moisture sorption was extremely high and showed a 
preference for polylayer water adsorption. The second stage was above 21-25 DPA in 
which the secondary wall is developed. The maximum absorbance capacity was 
lower compared to the early stages while the sorption isotherms showed a greater 
hysteresis effect. Generally the amount of absorbed water was found to be closely 
related to the chemical composition of the fibre while the % hysteresis was 
dependent on the cellulose content of the developing fibres.  
 
Increasing environmental concerns have stimulated an interest in naturally coloured 
cottons. Thus a study on moisture sorption of these fibres using DVS was also carried 
out. Significant differences were observed in sorption capacity and sorption rate as 
well as hysteresis behaviour of cotton fibres with different shades. These differences 
were mainly attributed to the variations in maturity and crystallinity index of the 
fibres. Also the HH model was successfully used to evaluate the sorption kinetics of 
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the fibres. The monolayer sorption was found to be most closely related to the 
crystallinity index and, to a lesser extent, maturity of the fibres. On the other hand 
the polylayer sorption was less dependent on variations in cotton fibres. Moreover a 
more noticeable relationship was found between the total hysteresis and the 
monolayer sorption.  
 
In conclusion, this work contributed to the fundamental knowledge required to 
create cotton that is well-tuned and designed for demanding end applications. The 
developed/optimised test methods have a great potential as screening tools for fibre 
development research. The spectrophotometric method has already been used in 
research projects as a supplementary screening tool to test the reactivity of 
bioengineered fibres towards various dyes. However, more detailed  studies focusing 
on new test methods are vital as to fully understand the effect of introduced groups 
on overall reactivity of cotton fibres towards various chemicals used in textile 
processes such as flame retardants, softeners etc...  
 
Also cone calorimeter was employed to test a series of cotton fibre cultivars, and 
significant differences were observed in terms of THR and pK HRR values. Yet, the 
method has mainly been used on cotton fibres. The feasibility of the methods for 
testing various types of materials may be an interesting future step.    
 
The work performed so far on the moisture sorption mechanism of cotton fibres 
provides valuable insights into the driving principles of the moisture sorption process 
of cotton fibres. More in-depth research will be beneficial to determine required 
groups to improve or tune the moisture management properties of cotton fibres, as 
relevant for an optimal future material benefit. 
 
Overall, the results obtained in this PhD work highlight the potential of 
bioengineering to improve cotton fibre qualities. Therefore I truly believe that my 
research findings together with the new developed methods will contribute to pave 
the way towards tuneable cotton fibres for high value added applications.   
  
 
  
